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Stellingen bij het proefschrift van J. Westerweel

. Het bepalen van de wrijvingssnelheid voor een turbulente wandstroming bij een laag

Reynolds-getal uit het logaritmische snelheids-profiel gaat er ten onrechte van uit
dat dit verband ook werkelijk aanwezig is.
(3. Kim, P. Moin & R. Moser J. Fluid Mech. 177 (1987) 133-166; dit proefschrift)

. De relaties tussen de parameters voor metingen met Particle Image Velocimetry (be-

lichting, trecer-dichtheid, etc.) lijken een volledig bepaald stelsel van vergelijkingen
te vormen; door één van de parameters te kiezen liggen de optimale waarden van
alle andere vast.

. De afmetingen van de meeste bestaande experimentele faciliteiten voor turbulentie-

onderzoek zijn gemaximaliseerd om de relatieve invloed van de meet-probes (Pitot-
buis en hitte-draad) te minimaliseren. Deze faciliteiten zijn dan ook ontoereikend
voor metingen met Particle Image Velocimetry, omdat daarbij de beschikbare licht-
intensiteit efficiénter benut kan worden naarmate de afmetingen van de faciliteit
kleiner zijn.

(R.J. Adrian, Annu. Rev. Fluid Mech. 22 (1991) 261-304)

. Digitale beeld-opname zal in Particle Image Velocimetry uiteindelijk de gangbare

fotografische technieken vervangen.
(dit proefschrift)

. De gekozen waarde van het Smagorinsky-getal in large-eddy simulatie zal voor iedere

niet-triviale geometrie aan de hand van meet-resultaten moeten worden geverifieerd;
dit houdt in dat large-eddy simulaties niet zonder meer de rol van experimenten
kunnen overnemen.

(Contactdag Turbulentie, 29 april 1992)

. Bij het combineren van onderzoeks-resultaten uit verschillende disciplines is het

vrijwel onmogelijk om een consistente notatie aan te houden.
(dit proefschrift)

. De gevolgde gedachtengang in een wetenschappelijke artikel wordt in sommige

gevallen pas duidelijk indien het van achteren naar voren wordt gelezen.

. Het is paradoxaal en opportunistisch dat een AIO zich gezien de tijdelijke duur van

het arbeidscontract wel particulier voor ziektekosten dient te verzekeren, maar aan
de andere kant weer niet als tijdelijk werknemer wordt gezien met betrekking tot
een vergoeding in de reiskosten tussen woon- en werkadres.

. Een evenredige taakverdeling tussen twee of drie sessie-voorzitters bij conferenties

doet meestal het “Kwik, Kwek & Kwak”-effect ontstaan.

Als werkgevers werkelijk willen bijdragen aan de emancipatie kunnen zij beter hun
(vrouwelijke en mannelijke) medewerkers gelegenheid geven om gebruik te maken
van kinderopvang en deeltijd-werk, dan in hun personeels-advertenties positieve dis-
criminatie van vrouwen te benadrukken.
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I was dreaming I was awake.
And then I woke up,
and found myself asleep.

Stan Laurel
in “Oliver the Eighth” (1934)
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Chapter 1

Introduction

Abstract. Flow visualizations clearly show that turbulence is not a random process,
but consists of coherent flow structures. An interpretation in terms of coherent structures
plays an important role in many complicated turbulent phenomena. With visualization we
only obtain a qualitative picture of these structures. Traditional instruments like the hot-
wire and laser-Doppler anemometer are one-point measurement techniques, and therefore
not able to reveal the instantaneous spatial structure of a flow. With the aid of a new obser-
vation technique, called “particle image velocimetry” (PIV), quantitative, two-dimensional
information of the flow velocity field is obtained. These data enable us to compute other
flow quantities, such as vorticity or deformation; these quantities are directly related to
the dynamics of coherent flow structures. The original method for PIV image analysis
yields accurate results with a high spatial resolution, but is very time-consuming. This is
a magor problem in the application of PIV to study the dynamics of coherent structures
in turbulent flows, which requires the analysis of a large number of images. A digital
implementation of the PIV method considerably reduces the processing time, at the cost of
a slight reduction in measurement accuracy. This provides a feasible solution to process
large quantities of PIV images.

The main aim of the work described in this thesis is the development and application
of the digital counterpart of a measurement technique called particle image velocime-
try (PIV). This technique yields the instantaneous, spatial measurement of the velocity
observed in a planar cross section of a flow. This is a considerable improvement with con-
ventional measurement techniques that yield velocity measurements from a single point
only, and makes the technique ideally suited for the investigation of coherent structures
in turbulent flows.

In this introductory chapter we review some of the background and history of turbu-
lent flow research in relation to particle image velocimetry (Sect. 1.1). We subsequently
describe the basic principles of PIV, and discuss its shortcomings with respect to the inves-
tigation of coherent structures in turbulent flows (Sect. 1.2). The digital implementation
of the PIV technique presented here provides a feasible solution to these shortcomings
(Sect. 1.3). We conclude this chapter with an outline of the topics treated in the remainder
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6 Introduction

of this thesis.

1.1 Background

Turbulent flow is so much a part of our daily life that we hardly realize the complexity
of the underlying processes. In fact, turbulence is still lacking a satisfactory theoretical
explanation. In general turbulence is described as a chaotically fluctuating state of a flow
that occurs when a characteristic flow parameter such as the Reynolds number, defined
as Re=UL/[v, where U and L are characteristic velocity and length scales and v is the
kinematic viscosity, exceeds a certain critical value. It is beyond the scope of this thesis
to give a detailed description of turbulence, but instead a brief outline of some relevant
aspects is given below. For further details refer to Tennekes & Lumley (1972) or Hinze
(1975).

Fully developed turbulence at sufficiently large Re is characterized by the existence of
two scaling regimes, denoted as the macrostructure and the microstructure. The classical
picture is that turbulent kinetic energy is produced at the macrostructure, where it is
extracted from the mean flow by instability processes. This energy is transferred from
the macrostructure to the microstructure by the so-called energy cascade: large-scale
eddies break up into smaller eddies, by which energy is transferred from larger scales to
smaller scales. This process of eddy break-up repeats itself until the microstructure is
reached where the energy is finally dissipated by molecular viscosity. The scaling of the
macrostructure is determined by the geometry of the flow; the scaling of the microstructure
is determined by the viscosity of the fluid and the amount of energy transferred along the
cascade (Kolmogorov scale). As a result of assuming these two separate scaling regimes
the ratio of the length scales of the macrostructure (£) and the microstructure (7) is given
by

L/ ~ Re**. (1.1)

In laboratory-type flows with Re ~10* and £ ~ 0.1 m, the Kolmogorov length given by
(1.1) is about 0.1 mm.

In the cascade process smaller eddies are deformed by larger eddies. The deformation
is coupled with the wvorticity, which is defined as the rotation of the velocity field. As a
result of this interaction energy is transferred from the larger eddies to the smaller eddies,
which further increases the vorticity of the smaller eddies. This mechanism is referred to
as vortez stretching.

1.1.1 changing views on turbulence

The “classical” notion of a turbulent flow is that of a stochastic process, described by
its statistical moments. This view was based on laboratory experiments with traditional
single-point measurement probes such as the hot-wire anemometer (HWA) and the laser-
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Doppler anemometer (LDA)!. This classical notion of turbulence was maintained until the
mid 50’s, when nonrandom phenomena were discovered by means of flow visualization? in
turbulent flows (Townsend 1956; Kim et al. 1971). These flow visualizations revealed that
turbulent flow is not completely disorganized, but contains large-scale so-called coherent
structures. Brown & Roshko (1974) demonstrated that the instantaneous spatial structure
of the flow can not be described by the turbulence statistics obtained from the single-point
probes.

200
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Figure 1.1: A single-point measurement (by laser-Doppler anemometry) of the streamwise (u) and vertical
(v) velocity signals as function of time in a turbulent boundary layer over a flat plate. The measurement
was taken at 20 viscous wall-units above the plate. (Courtesy A.D. Schwarz-van Manen.)

The occurrence of organized motion or coherent structures in turbulent flows is (ap-
parently) in contradiction with the conventional statistical description of a turbulent flow.
This is illustrated by Figures 1.1 and 1.2, which show a section of a LDA signal and a
hydrogen-bubble time-line visualization in the near-wall region of a turbulent boundary
layer. Whereas the appearance of the LDA signal suggests that it was generated by a
random process, the visualization reveals large-scale elongated structures. Obviously the
classical view of turbulence as a random process is no longer valid and new concepts of
turbulence had to be found. This is still a topic of theoretical, numerical and experimental
research.

The presence of “organized structures” in an apparently random signal shows similar-
ities to what is known as “deterministic chaos” of non-linear dynamical systems (Bergé
et al. 1987). Aubry et al. (1988) attempt to describe turbulent flow as a non-linear dynam-
ical system in which they apply a mathematical approach of coherent structures in terms

1These techniques measure the flow velocity as function of the time in a single point. Descriptions of
these techniques are given by Fingerson & Freymuth (1983) and Adrian (1983) respectively.

2This is a collective terminology for observation methods that visualize the motion, structure or density
distribution of a fluid, either in a planar cross section or integrated along the line-of-sight (Merzkirch
1987). The motion of a fluid can be visualized by adding small particles or dye to the fluid. A set of
beautiful examples has been collected by Van Dyke (1982).
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Figure 1.2: Photographs of hydrogen bubble time lines, showing typical large scale vortex motion in
turbulent boundary layer flow near a smooth wall. From: Kim et al. (1971)

of eigenfunctions. Other innovative work has been carried out by Vassilicos (1992) who
proposes a “multispiral” vortical structure that accounts for the spectral density distri-
bution that is commonly associated with the energy cascade mentioned before. However,
these theories still lack feedback from experiments.

A large part of the research on coherent structures is concentrated on incompressible
turbulent flow near a solid wall, the so-called boundary layer. Let us therefore briefly
review some of the aspects related to this type of flow.

1.1.2 near-wall turbulent flow in a pipe

A flow geometry of specific interest is that of a wall-bounded turbulent flow, like e.g.
the turbulent boundary layer and turbulent channel and pipe flows. Here we will restrict
ourselves to a pipe flow. For a detailed treatment of this flow type refer to Schlichting
(1979). The velocity of the flow near the wall scales with the friction velocity u., given
by the wall shear stress 7., i.e.

U =/7/p (1.2)

where p is the density of the fluid.

The turbulent pipe flow consists of an outer region, that scales with the pipe diameter
(D), and an inner region that scales v/u.. Usually the flow velocity (u) and the distance
(y) from the wall are made dimensionless by u, and », viz.

ut =ufu, and y* =yu./v. (1.3)
The turbulent pipe flow can be divided into four layers:

wake region (y/D > 0.1)
In the wake region the eddies scale with the flow geometry, i.e. £~ D. In this region
the total shear stress is dominated by the turbulent shear stress (the mean product
of the axial and radial fluctuating velocities).
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logarithmic wall layer (y* > 30...40,y/D < 0.1)
In the logarithmic wall layer the size of the eddies is determined by their distance
from the wall, i.e. £ ~ ky, where & is the Von-Kdrman “constant” which has an
empirical value of 0.4. The velocity profile in this region is given by

u+=—1-lny++H (1.4)
K

with I ~5.5 for a smooth wall. The logarithmic shape of the velocity profile in this
region is a direct consequence of the fact that the wall-bounded flow consists of an
inner and outer region.

buffer layer (5...10 < y* < 30...40)
The buffer layer is the transition region between the viscous sublayer (see below)
and the logarithmic wall layer. Both viscous and turbulent stresses play an equal
part in this layer.

viscous sublayer (y* < 5...10)
Very close to the wall the viscous stress dominates the flow, and turbulence can no
longer exist. The mean axial velocity is directly proportional to the distance from

the wall, i.e.
ut =yt (1.5)

The highest energy production and turbulent shear stress is found in the buffer layer
(Mansour et al. 1988). A great deal of turbulent flow research is dedicated to the mech-
anisms and the processes in this layer, which cannot be comprehended or explained by
contemporary statistical models. This applies in particular to the recently observed drag
reduction for flows with certain polymer additives (Harder & Tiederman 1991) and for
flows over grooved surfaces or “riblets” (Walsh & Lindemann 1984). It has been conjec-
tured that this drag reduction can be explained in terms of the dynamical behaviour of
coherent structures in the buffer layer (Luchini et al. 1991; Schwarz-van Manen 1992).
Furthermore it is believed that coherent structures play an important role in all kinds
of transport processes (such as heat transfer, the deposition/resuspension of particles or
chemical reactions).

1.1.3 coherent structures in near-wall turbulent flow

Most of the experimental information of coherent flow structures has been obtained
through flow visualization. Their interpretation is very subjective, and as a result there is
a wide variety of definitions and models of coherent flow structure. Reviews of the struc-
tures that have been identified in near-wall turbulent flow are given by Cantwell (1981),
Robinson (1991b) and Brand (1992). In this subsection a brief description is given of
the so-called “burst process” which may account for the production of turbulent kinetic
energy and turbulent shear stress in the buffer layer. It should be noted however that
the bursting process as such is ill-defined in the literature. The description given below
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is extracted from the reviews mentioned above.

The flow very close to the wall consists of long elongated regions in which the fluid
velocity is lower than average fluid velocity. These regions are called low-speed streaks.
Instability processes cause that small disturbances of the vortex sheet surrounding the
low-speed streak grow and develop into a so-called hairpin vortex. This is illustrated in
Figure 1.3. The tip of the vortex moves away from the wall by self-induction. The legs
of the vortex stretch and thus extract energy from the mean flow. Finally, the hairpin
vortex becomes unstable and breaks up into smaller structures (“burst”). During the
self-induction stage of the vortex low-momentum fluid is “pumped” away from the wall
between the legs of the vortex. This motion is called ejection, which strongly contributes
to the Reynolds stress. After the burst event high-momentum fluid moves towards the
wall, which is called a sweep, and interacts with the low-speed fluid near the wall. The
sweep may disturb another low-speed streak, and initiate another burst cycle. The time
scale of this cycle in a boundary layer is given by Tg ~5...76/U,, where & is the boundary-
layer thickness (for pipe flow é~ 1 D). Note that Tp scales with the outer flow parameters>.
This is rather surprising since a process that takes place in the buffer layer is supposed
to scale with inner parameters.

The coherent structures related to the bursting process have been identified in flow
visualization studies; see Kline et al. (1967), Kim et al. (1971) and Head & Bandyopadyay
(1981). It was mentioned before that these visualizations provide only a qualitative pic-
ture of these structures and related flow processes. Therefore the interpretation of these
visualization experiments are somewhat subjective.

Recently, Robinson (1991a) demonstrated the presence of these coherent flow struc-
tures in a direct numerical simulation® (DNS}) of a turbulent boundary layer by Spalart
(1988). The DNS allows a detailed quantitative investigation of these structures, but a
drawback is that one has to solve the entire flow field, even if one is only interested in
studying a small section of the flow (e.g. the buffer layer). Thus, direct numerical simula-
tion can only be applied to simple flow geometries (like e.g. channel flow between smooth
walls) and to flows with relatively low Reynolds numbers ( Re~3-7,000). Nonetheless,
based on DNS data Robinson (1991a) proposes detection criteria for hairpin vortices with
respect to the (spanwise component of the) vorticity, the fluctuating pressure and the
deformation of the flow field.

Hence, quantitative experimental data are necessary to make further substantial pro-
gress in the investigation of coherent flow structures in turbulent flows. The traditional
measurement techniques, like HWA and LDA, only provide information from a single
point in the flow and therefore—by principle—can neither reveal the instantaneous spatial

3This is still a subject of discussion.

*In a direct numerical simulation the equations of motion of a fluid (viz., the Navier-Stokes equations)
are solved numerically, in which all flow scales from the macrostructure to the microstructure are resolved,
thus without relying to any turbulence modeling.
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Figure 1.3: Representation of the “bursting” process in which a low-speed streak develops into a hairpin

vortex. From: Smith (1984)







