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Kurzfassung

Aufgrund vielfältiger Einsatzmöglichkeiten sind Membrantragwerke von zunehmender
Bedeutung im modernen Bauingenieurwesen. Der sichere Aufbau und Betrieb von Mem-
branstrukturen muss stets gewährleistet sein. Eine Herausforderung ist dabei die Auslegung
von Membranbauten unter Berücksichtigung sich wandelnder Umwelteinflüsse. Insbeson-
dere das dynamische Verhalten von Membranen unter Windanfachung sollte in Zukunft ein
wesentliches Auslegekriterium dieses Strukturtyps sein. Die wechselseitige Beeinflussung
der flexiblen Struktur mit dem umgebenden Fluid ist als multi-physikalisches Problem zu
betrachten. Daher müssen zur Auslegung von Membranbauten sowohl die Strömungs- als
auch die Strukturmechanik gleichermaßen in Betracht gezogen werden.

Hieraus ergibt sich die Motivation für die vorliegende Dissertation, welche sich mit
der Fluid-Struktur-Wechselwirkung einer luftgestützen Membranstruktur in turbulenter
Strömung befasst. Die Struktur ist dabei eine hochflexible Halbkugel. Die Halbkugelform
des Membranmodells wird über einen leichten Überdruck im Inneren erreicht. Dieser
führt zu Vorspannungen in der Membran, welche die Halbkugel gegen äußere Windlasten
stabilisiert. Diese Konfiguration ist einer sogenannten “Traglufthalle” nachempfunden,
welche häufig als temporäre Überdachung Verwendung findet, z.B. bei Sportanlagen oder
Baustellen.

Die Untersuchungen zur Fluid-Struktur-Interaktion (FSI) der flexiblen Halbkugel
werden experimentell im Windkanal durchgeführt. Zu diesem Zweck ist ein geeigentes Si-
likonmodell der Halbkugel mithilfe eines Gießverfahrens hergestellt worden. Entsprechende
Materialparameter wie Dämpfung, E-Modul und Querkontraktionszahl werden durch
Standardversuche bestimmt. Ebenso sind das statische und dynamische Verhalten des
dünnwandigen Silikonmodells unter Innendruck ausgiebig charakterisiert worden. Eine
gleich große Halbkugel aus Aluminium wird als steifes Referenzmodell für die Strömungsmes-
sungen herangezogen.

In einer ersten Studie wird das Strömungsfeld um das steife Halbkugelmodell in einer
turbulenten Grenzschicht bei Re = 50,000 vermessen. Ein Großteil dieser Untersuchung
beinhaltet die Erzeugung der gewünschten turbulenten Einlaufgrenzschicht, welche zu
Beginn der Messstrecke vorliegen soll und eine zentrale Randbedingung für alle Versuche
darstellt. Die instationäre und zeitlich gemittelte Strömung wird mittels Laser-Doppler-
(LDA) und Hitzdraht-Anemometrie (CTA) erfasst. Zwei charakteristische Wirbelablöse-
prozesse treten im Nachlauf der Halbkugel auf: Eine asymmetrische Ablösung vom von
Kármán Typ und ein symmetrischer Bogenwirbel. Beide Wirbeltypen lassen sich anhand
charakteristischer Ablösefrequenzen eindeutig zuordnen. Es tritt immer nur einer der
beiden Wirbelstrukturen zeitgleich auf, jedoch stets abwechselnd und in unregelmäßigen
Abständen. Die zeitgemittelten Daten zeigen die grundlegenden Strömungsgebiete der
Halbkugel: Im Vorlauf bildet sich ein ausgeprägter Hufeisenwirbel, der Nachlauf wird
durch die abgelöste Scherschicht und das Rezirkulationsgebiet dominiert. Die gewonnenen
Daten dienen zusätzlich zur Validierung einer in der Literatur aufgeführten numerischen
Simulation basierend auf dem Verfahren der Large-Eddy-Simulation.

Im Anschluss an diese Studie wird das gekoppelte Problem betrachtet. Dazu wird das
flexible Model im Windkanal installiert. Weiterhin werden drei Reynolds-Zahlen (50,000,
75,000 and 100,000) untersucht, um den Einfluss verschiedener Strömungsgeschwindigkeiten



auf die flexible Struktur zu charakterisieren. Für einen direkten Vergleich der Strömungs-
felder wird erneut die starre Halbkugel vermessen, um den Einfluss der flexiblen Struktur
auf die Strömung sichtbar zu machen. Die Messdaten werden mittels einer Kombination
aus Particle-Image-Velocimetry (PIV) für das Strömungsfeld und einem digitalen Bildkor-
relationsverfahren (DIC) basierend auf Hochgeschwindigkeitskameras zur Aufnahme der
dynamischen Strukturverformungen erfasst. Des Weiteren wird eine Heißfilm-Sonde ver-
wendet, um Verbindungen zwischen den nicht synchronisierten PIV- und DIC-Messungen
herzustellen. Diese Messungen werden in der Nähe der deformierbaren Struktur durchge-
führt. Im Anschluss werden die Spektren der Geschwindigkeitmessungen (CTA) und
der Strukturoszillationen (DIC) verglichen. Beide Signale enthalten ähnliche Frequen-
zen, welche entweder charakteristischen Strömungsphänomenen (Wirbelablösungen) oder
Eigenfrequenzen zuordbar sind. Diese Analyse gibt Aufschluss über die zugrundeliegen-
den Mechanismen des betrachteten FSI-Problems. Hierbei sind besonders die dominan-
ten Wirbelablöseprozesse (von Kármán Typ und symmetrischer Bogenwirbel) und die
Geschwindigkeitsfluktuationen in der abgelösten Scherschicht als Hauptanregungsmechnis-
men zu nennen. Diese Phänomene sind in allen erfassten Spektren gut sichtbar. Weiterhin
steigen mit zunehmender Re-Zahl sowohl die mittleren Auslenkungen der flexiblen Struk-
tur als auch die Amplituden der Membranschwingungen deutlich an. Mit zunehmender
Deformation der Struktur lässt sich eine deutliche Veränderung des turbulenten Nachlaufs
in den zeitlichen gemittelten Strömungsfeldern nachweisen. Zusätzlich werden die exper-
imentellen Untersuchungen mit Ergebnissen numerischer Simulationen des identischen
Falls aus der Literatur ergänzt. Die herangezogenen Werte der Literatur basieren auf
der Large-Eddy-Simulationstechnik (Strömungslöser) und der Finite-Elemente-Methode
(Strukturlöser).



Abstract

Membrane structures are of increasing interest for modern civil engineering due to
their adaptable application. The safe assembly and operation of membranous buildings in
urban regions is a challenging task due to permanently changing environmental conditions.
A critical issue is the dynamic response of the flexible membrane to wind loads which
has to be addressed as a primary design criterion for this type of structure in the future.
The influence of wind loads on the deformable structure form a multi-physical problem
since fluid and structure mechanics have to be considered simultaneously to encompass
the whole problem.

This leads to the motivation of this thesis in which the fluid-structure interaction (FSI)
of a thin-walled and air-inflated membranous structure immersed in a turbulent boundary
layer is investigated. The highly flexible structure has the shape of a hemisphere. In
order to maintain its hemispherical form and to attain a resistance against wind loads, the
flexible structure is pressurized by a slight gauge pressure pre-stressing the membrane. In
this configuration, the membranous hemisphere is considered as an air-inflated building
often seen as roofing for temporary facilities.

The fluid-structure interaction of the flexible hemisphere immersed in a turbulent flow
is experimentally investigated in a wind tunnel. For this purpose, an appropriate flexible
model is manufactured using a casting procedure, where the structure of the hemisphere is
based on a silicone material. A second fully rigid hemispherical model is manufactured
out of aluminum serving as a reference for the flow field studies.

The first investigation focuses on the turbulent flow around the rigid hemisphere
at Re = 50,000. Large effort is put into the generation of the required thick turbulent
boundary layer at the inlet of the test section of the wind tunnel, since it is an essential
boundary condition of the experimental case. The flow around the solid bluff body is
measured by laser-Doppler (LDA) and constant-temperature anemometry (CTA). Two
characteristic vortex shedding processes are observed in the wake of the hemisphere: An
asymmetric von Kármán and an arch-type symmetric type. Both vortex patterns alternate
in an irregular manner in time, where only one is present in the wake during a certain
period of time. The time-averaged data reveal the characteristic phenomena forming
around the hemisphere such as the horseshoe vortex system, the free shear layer and
the recirculation region. All data are furthermore used for the successful validation of a
large-eddy simulation which is taken from the literature.

After this initial flow field study, the coupled problem is observed. For this purpose, the
flexible hemisphere is once more exposed to a turbulent boundary layer at three Reynolds
numbers (50,000, 75,000 and 100,000). This setup is used to examine the interaction
between the flow and the pressurized membrane at different free-stream velocities. Further-
more, the flow field around the rigid hemisphere is measured again in order to maintain
comparability between the used measurement equipment and the extended Reynolds num-
ber range. The experiments are carried out by combining particle-image-velocimetry (PIV)
for the flow field and high-speed digital-image correlation (DIC) measurements for the
deformation of the oscillating membranous structure. Moreover, a constant-temperature
anemometer is utilized in order to evaluate the velocity spectra at locations close to the
wall. This is necessary to connect the non-synchronized fluid and structure measurements.



Afterwards the spectra of the velocity fluctuations (CTA) and the structure oscillations
(DIC) are compared. This procedure leads to the characterization of the underlying FSI
mechanisms. As before, the two main vortex shedding types (von Kármán and symmetric
arch-type) are observed at all Reynolds numbers. These are also identified in the unsteady
structure excitations. With increasing Re number the time-averaged deformations of the
structure as well as the observed amplitudes of the oscillation increase. The displacements
of the structure strongly influence the time-averaged flow field revealing a significant
difference in the wake. A thorough analysis of the comprehensive data sets for the fluid
flow and the displacements of the structure leads to the characterization of the behavior
of the flexible structure under changing flow conditions. Again, the experimental results
are supported by complementary numerical investigations based on large-eddy simulations
for the fluid and a finite-element solver for the structure taken from the literature.
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ξ1,2 Lamé constants –

π constant –

Π aeroelastic parameter –

xii



ρ density kg/m3

ρair density of air kg/m3

ρDEHS density of Di-Ethyl-Hexyl-Sebacat kg/m3

ρf density of the fluid kg/m3

ρmat density of the structure material kg/m3

ρp density of the particle kg/m3

σ stress N/m2

σ, σij stress tensor N/m2

τ shear stress N/m2

τf characteristic time of fluid s

τij shear stress component N/m2

τmax maximum shear stress N/m2

τp particle response time s

τw wall friction N/m2

ϕ angular position on hemisphere (symmetry plane) –

ω angular frequency 1/s

ω0 angular frequency of the undamped system 1/s

ωd angular frequency of the damped system 1/s

Ω0 reference configuration

Ω actual configuration; excitation frequency -; 1/s

Further symbols

f focal length m

xiii



Part I

Theoretical Basis

1





1. Introduction

1.1 Motivation

The interaction between fluid flows and flexible structures is a fundamental physical

phenomenon observed in nature and technical applications. In modern engineering the

formally separated fields of structure mechanics and fluid dynamics are brought together

to characterize the global problem by coupling both disciplines to a holistic view known as

fluid-structure interaction (FSI). The increasing importance of this multi-physical approach

is evident in several fields of science. A few examples are depicted in Fig. 1.1 to outline

the vast range of applications corresponding to FSI. Modern computational simulation

techniques are used to investigate complex bio-mechanical problems as shown in Fig. 1.1(a).

Here the arterial fluid-structure interaction between the deformable vessel and the blood

flow is simulated to characterize the behavior of an abdominal aortic aneurysm [333].

Another challenge of the near future is the exchange of conventional power plants by

modern renewable energy sources. Besides commonly used wind turbines new energy

harvesting projects are established. Figure 1.1(b) depicts a dual cantilever installation [148]

made of two thin plates that are excited by air flow. At a certain flow velocity the plates

start to flutter. This ongoing oscillation of the flexible structure compresses and stretches

piezoelectric elements that are located at the root of each plate. This setup utilizes the air

flow that interacts with the plates to transfer mechanical into electric energy. Besides pure

application purposes, fluid-structure interaction also inspires cultural life. The famous

self-propelling mechanical animals of the artist Theo Jansen shown in Fig. 1.1(c) illustrate

the bridge between concept arts and future engineering. These sculptures are driven by the

wind that interacts with membranous sails putting them into motion. Flexible membranous

structures are also of increasing importance in modern civil engineering. Efficient space

utilization is a key factor for the next generation of building projects. As the urbanization

will increase rapidly during the next decades, the effectively usable space has to be used

optimally. For this purpose, spatially flexible and light-weight structures made of thin

materials are of interest. Membrane materials can be set into a desired shape efficiently

with a high level of customization. A popular example of the versatility of membrane

materials is the Khan Shatyr building in Astana (Fig. 1.1(d)), which is presently (status:

2017) the largest tent construction worldwide. The utilized ethylene tetrafluoroethylene

(ETFE) material is not only used as the outer tension layer but also operates as translucent

window surface. Advantages such as the temporal and local flexibility as well as the fast
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assembly of membranous constructions are clearly at hand. Nevertheless, there are still

fundamental challenges, which have to be taken into account in order to operate thin and

flexible structures successfully. An important issue is the sensitivity of the flexible structure

to outer influences, especially wind loads. Urban environments exhibit very complex wind

profiles which can cause serious damage to light-weight structures and ultimately to their

operators and visitors. This leads to the motivation of this thesis.

(a) Simulation of an aortic aneurysm [333]. (b) Energy harvesting by cantilever flutter [148].

(c) Mechanical sculpture by Theo Jansen1. (d) Khan Shatyr building (Astana)2.

Figure 1.1: Examples of fluid-structure interaction within nature, technical applications and arts.

One of the research fields at the Department of Fluid Dynamics at the Helmut-Schmidt

University Hamburg focuses on the fluid-structure interaction of light-weight structures in

turbulent flows3. The studies are divided into experimental measurements and numerical

simulations. In the past, a wide range of benchmark test cases were developed [51, 53,

85, 127, 128, 130, 161, 162, 339, 383] to validate the in-house numerical methods [51, 102,

103] for fluid dynamics based on large-eddy simulation and a specialized finite-element

solver [37, 112] including efficient coupling algorithms [117, 306, 307]. The first benchmark

1https://www.flickr.com/photos/50964344@N08/10595485064//
2http://www.travelokazakhstan.com/destinations/astana-the-youngest-capital/
3Supported by the Deutsche Forschungsgemeinschaft under Contract Numbers BR 1847/12-1 and BR 1847/12-2
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tests [51, 83, 85, 162, 339] were composed of a rigid cylinder with a flexible plate in the

wake. This test design can be approximately reduced to a two-dimensional problem by

only viewing an intersection plane of the cylinder. Although the flow around the cylinder is

three-dimensional, the displacements of the flexible plate can be characterized adequately

in two dimensions. The deformations of the plate are mainly caused by large vortical

structures that detach from the surface of the cylinder and travel in streamwise direction.

Elaborate measurement techniques were used in a water channel setup to investigate the

characteristics of the underlying fluid-structure interaction. The numerical simulations and

the experimental data were found to be in good agreement. The results of the investigated

benchmarks are made accessible to the science community by the QNET ERCOFTAC

Knowledge Base Wiki4database (test cases UFR 2-13 and URF 2-14).

After this successful validation phase, the present research is moving on to more application

based problems encountered in modern civil engineering. For this purpose, a fully three-

dimensional problem is conceived in order to advance towards realistic conditions present

in real-life scenarios. Nevertheless, the problem has to be simple enough to maintain

comparable conditions between experiments and numerical simulations. These requirements

led to the idea of a wall-mounted hemisphere in turbulent flow. The hemisphere offers a

fully three-dimensional shape that cannot be reduced to a two-dimensional geometry. Its

geometrical shape can still be described analytically. Moving towards FSI, the hemisphere

shall represent a thin-walled membranous structure. Examples of such buildings are

depicted in Fig. 1.2 showing the wide range of applications for hemispherically shaped

structures. Throughout the present study the hemisphere is characterized as an air-inflated

structure as shown in Figs. 1.2(a) and (c). A certain gauge pressure has to be brought up

inside the membranous dome to gain and maintain its shape. Besides gravity, air-inflated

membranous structures are typically exposed to wind in urban environments. The wind

loads acting on the outer surface of the structure have to be considered while planning

such a project, since these types of loads can cause severe damage to the structure and its

inhabitants. One common example of structural failure of a membranous building due to

strong wind excitation was the destruction of the Dallas Texas Cowboys training facility

in May 2009 [135]. Among others, this event underlines the importance of understanding

coupled systems in order to successfully tackle advanced future building projects. The

present thesis contributes to this challenging topic by connecting different measurement

techniques to fully assess the complex three-dimensional fluid-structure interactions of a

flexible hemisphere in turbulent flow. However, before a literature review is given.

1.2 Literature review

This section is subdivided into two parts: First the relevant literature of the flow around a

wall-mounted rigid hemisphere is presented. It is structured according to the measurement

techniques applied including also numerical simulations and comprehensive experimental–

4http://qnet-ercoftac.cfms.org.uk/w/index.php/Flows_Around_Bodies
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(a) Air-inflated sports facility (Gentofte)5. (b) Gas tank membrane6.

(c) Event building (Qatar)7. (d) Solar dome for urban application8.

Figure 1.2: Examples of hemispherical structures used in civil and industrial engineering.

numerical studies. The second part summarizes present studies on experimental fluid-

structure interaction including several interesting projects that are closely related to the

present subject. These involve membranous light-weight structures exposed to turbulent

flow. The discussed examples reveal the challenges when dealing with complex coupled

systems with regards to safe operation and optimization.

Flow around rigid hemispheres

Surface pressure measurements

An early study of the flow around a rigid hemispherical obstacle was carried out by

Jacobs [157] in 1938. The experimental measurements focused on the pressure distribution

around a small rivet element (roughness element) in the shape of a hemisphere with a

5http://www.texlon.ch.s3.amazonaws.com/Images/detail-slider/traglufthallenbau/sporthalle-gentofte/04.jpg
6http://www.ecomembrane.com/en/default/26930-0-0/3master.aspx
7http://www.architen.com/wp-content/uploads/2014/01/Qatar-Inflatable-Fabric-Dome-3-900x550.jpg
8http://wildfirecomms-images.co.uk/edhub/MKP-images/solardome5.jpg
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diameter of 2.5 cm at a Reynolds number9 Re = ρU∞Dµ = 2.45× 104. Measurements

were performed in a closed wind tunnel mainly using Pitot pressure probes and surface

pressure holes that were inserted into the model as shown in Fig. 1.3.

p
re

s 
[m

m
W

S
]

α [°]

vertical adjustment wind tunnel

test section
hemisphere

pressure probe

FLOW

Figure 1.3: Setup (left) of the first mentioned measurement of the flow around a hemisphere in
a wind tunnel carried out by Jacobs [157] in 1938 including characteristic surface
pressure distribution in the symmetry plane of the hemisphere.

Several pressure profiles were taken at certain positions in the wake of the hemisphere

displaying the shape of the recirculation area. Furthermore, the characteristic surface

pressure distribution, especially for the symmetry plane, was characterized in detail. An

additional part of this work deals with the approximation of the drag coefficient estimated

from the pressure measurements. Considering the rather limited measurement equipment

compared to modern times, elaborate conclusions were drawn concerning the effects of

vortex separation in the wake region.

Another fundamental study on the flow around a hemisphere was accomplished by Ma-

her [206] in 1965. The experimental setup consisted of three different hemispherical models

that were placed on the ground of a wind tunnel and exposed to a turbulent boundary

layer flow. The experiments included two hemispheres of different size and additionally

one with an artificially roughened surface. The results contained details about the pressure

distribution on the surface of the hemisphere. An important finding was the independency

of the pressure coefficient cp when exceeding a certain Reynolds number due to supercritical

flow conditions. These observations were confirmed by Blessmann [36] in a study on the

influence of different wind profiles on the time-averaged surface pressure distribution

occurring on the hemisphere. This subject was also part of an elaborate study carried

out by Taniguchi et al. [328] including the variation of the wind tunnel models and the

generated wind profiles. By altering both, the size of the hemisphere and the height of

the turbulent boundary layer, it was possible to characterize the relationship between

the approaching flow and the resulting time-averaged surface pressure distribution by

superimposing each result in a general chart.

Similar results were reported in a comprehensive study by Taylor [331]. The measure-

ments confirmed the Reynolds number independency after exceeding Re = 2× 105 and

9All discussed Re numbers are based on the diameter D of the hemisphere and the free-stream velocity U∞.

7



1. Introduction

additionally after surpassing a free-stream turbulence intensity of 4%. This was concluded

based on insignificant changes of the mean or fluctuating pressure coefficient along the

contour of the hemisphere after reaching supercritical flow. In a later study Cheng and

Fu [67] conducted intensive surface pressure measurements in a wind tunnel specialized

for boundary layer flow. Three hemispherical domes of varying size were immersed in

two types of boundary layers. A laminar boundary layer was generated by elevating the

base plate of the mounted hemisphere from the ground of the wind tunnel to artificially

shorten the distance between the starting point of the boundary layer development and

the models of the hemispheres. The turbulent boundary layer was specifically generated

to fit urban flow field characteristics with large turbulence intensities between 18% and

25%. The setups of the laminar and the turbulent cases are presented in Fig. 1.4.

Figure 1.4: Setup for surface pressure measurements on domes in laminar (left) and artificially
generated turbulent flow (right) presented in [67].

The Reynolds numbers for the turbulent case ranged between Re = 5.3 × 104 and 1.7 × 106

depending on the size of the applied hemisphere. Once again, the outcome supported

the previous observations made by Maher [206], Blessmann [36] and Taylor [331]. A

novel approach was taken by Suzuki et al. [324] concentrating on the unsteady pressure

fluctuations on the surface of the hemisphere. The measurements were carried out at

Re = 3× 105. Here, especially the generated power spectral density was used to give

insight into the dominating frequencies strongly connected to vortical shedding processes.

Flow field measurements

Besides confirming the former studies on the surface pressure distribution, Toy et al. [334]

first measured the mean velocity and turbulence intensity profiles in the near wake of

the hemisphere at Re = 1.6× 105 using hot-wire and pulsed-wire anemometers. The

measurements comprised two different inflow conditions that were defined as smooth and

rough boundary layer depending on the overall shape and levels of turbulence intensity.

Based on this study it was possible to show that the turbulence intensity within the

oncoming flow has an impact on the resulting recirculation area in the wake directly

8
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connected to the separation line on the hemisphere. In case of higher turbulence levels the

separation line moves further downstream.

Following this work, Savory and Toy [288] further examined hemispheres and cylinders

with hemispherical caps exposed to three different boundary layers defined as thin, smooth

and rough, depending on the thickness and the turbulence intensity. Experiments were

carried out at Reynolds numbers between 1.31 × 104 and 1.4 × 105. For the wind tunnel

experiments pulsed-wire anemometry was applied with special emphasis on the velocity

measurements in the wake regime as well as complementary surface pressure measurements.

The time-averaged surface pressure did not indicate a significant change of the separation

behavior when altering the upstream flow conditions. However, the velocity distribution

in the wake region revealed that the size of the recirculation area was clearly affected

by different boundary layer settings. In case of the rough boundary layer with higher

turbulence intensity the separation shifted further downstream. As a consequence the

reattachment length was shorter resulting in a smaller recirculation area. This study

demonstrated that surface pressure measurements can only be used in addition to velocity

measurements in the vicinity of an obstacle to draw conclusions about the overall flow

behavior under turbulent conditions. Furthermore, the authors generated a flow map of the

main vortical structures that appear in the flow field around a wall-mounted hemisphere

exposed to turbulent flow depicted in Fig. 1.5. From this illustration of the flow past a

rigid hemisphere the fully three-dimensional characteristic flow features are conceivable.

The boundary layer approaches the hemisphere containing a certain vorticity (9) caused

by turbulent fluctuations. At a specific location in front of the hemisphere the boundary

layer separates from the ground due to the positive pressure gradient as a result of the

forming stagnation point (2). Reacting to this, the boundary layer reorganizes itself at the

lower front side of the hemisphere. As a result a complex horseshoe vortex system (1) that

curls around the obstacle and whirls downstream as trailing vortices (8) is generated. This

characteristic vortex system is also present for other wall-mounted bluff bodies such as

cylinders, cones or cubes. Fundamental analyses of this interesting flow feature can be

found in numerous publications, see, e.g., [20–22, 105, 244, 256, 282]. Above the horseshoe

vortex the flow reattaches to the surface of the hemisphere and accelerates building up

further vorticity (3). The flow spreads towards the lateral sides before detaching from the

surface at the separation line (4). The separated shear layer (6) generates large vortical

structures that roll-up and form the recirculation area in the close wake of the hemisphere.

The flow between the recirculation area and the outer fluid field can be visualized by a

dividing streamline (5). From the recirculating fluid behind the hemisphere large vortex

loops also known as hairpin vortices (7) are shed traveling downstream with the streamwise

flow. In the wake regime the flow reattaches to the ground at a characteristic length

depending on the separation line that is related to the flow velocity and the turbulence

intensity of the approaching boundary layer.

In addition to this study, Savory and Toy [289] carried out another experimental work

focusing on the separated shear layer associated with a hemisphere in turbulent flow.

Again the formally introduced boundary layers (thin, smooth, rough) were generated to

9



1. Introduction

x

R

S

S

5

6

7

2

4

u

y

z

3

1

8

S

R

9

Figure 1.5: Flow characteristics in the vicinity of a wall-mounted rigid hemisphere in turbulent
flow as classified by Savory and Toy [288]: 1. Horseshoe vortex, 2. Stagnation area,
3. Generation of vorticity, 4. Separation line, 5. Dividing streamline, 6. Shear layer
vorticity, 7. Vortex loops, 8. Trailing vortices, 9. Boundary layer vorticity, S =
Separation, R = Reattachment.

determine the influence of alternating inflow conditions on the flow region in the wake.

The investigated Reynolds number was fixed to 1.4 × 105. All velocity components were

measured in the wake of the hemisphere. The main objective of this paper was the analysis

of the Reynolds stresses as well as the turbulent kinetic energy. As a result, the separating

shear layer in the wake of the hemisphere was found to be considerably thicker in case of

the rough boundary layer due to the higher turbulence intensities exhibited. Furthermore,

the three-dimensional body supports a strong mixing process in the wake with rapid local

changes in the exhibited turbulence profiles. Due to the limited publications available on

the hemisphere flow, the studies by Savory and Toy [288, 289] are often used as reference

case for further studies on this topic.

Although not strictly fitting to the topic of civil engineering, the studies of Beresh et

al. [32] are worth mentioning. The authors examined possible sources of the unsteady shock

motion in a transonic flow over a wall-mounted hemisphere at Re = 1.3×106 corresponding

to a Mach number of 0.8. For this purpose, extensive particle-image-velocimetry (PIV)

measurements in a transonic wind tunnel were carried out (Fig. 1.6). The approaching

turbulent boundary layer thickness was measured δ/D = 0.18 (based on the diameter D

of the hemisphere). Although the target velocity of this experiment is far beyond the

ones interesting for this thesis, the presented non-dimensional time-averaged streamwise

velocity between -0.2 ≤ u/U∞ ≤ 1.2 indicated more or less the same characteristic features

as for low Mach number flows around hemispheres, except for the forming shock at about
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Figure 1.6: Rigid hemisphere in a transonic wind tunnel at Mach number 0.8 including PIV
setup (left) and the resulting velocity field measurement in the symmetry plane of
the hemisphere (right) as presented by [32].

the apex of the structure. The length of the recirculation area was measured to about

5 × δ/D = 0.9 corresponding well to measurements carried out at far lower free-stream

velocities. Furthermore, this is one of the few studies using PIV measurements to examine

the instantaneous flow field occurring in the close vicinity of the hemisphere. From these

measurements the unsteady movement of the shock position could be analyzed in detail.

The foot of the shock was moving within a range of ± 10◦ with the average center sitting

at about the apex of the hemisphere. A shift of the shock towards the front was connected

to a strong reverse velocity in the recirculation area. Opposite to this, the shock traveled

towards the lee side when the overall size of the recirculation decreased. Furthermore, no

correlations between the oncoming boundary layer and the position of the shock, nor the

velocities in the recirculation area were observed. From this data it was concluded that the

dominant mechanism for the position of the shock is related to the strong flow separation

on the hemisphere rather than the influence of the approaching boundary layer.

Visualization of flow structures

Focusing more on the visualization of vortical structures Tamai et al. [326] performed

water channel experiments with a completely drowned hemisphere at a Reynolds number

range between 2× 102 ≤ Re ≤ 1.2× 104. Dye was injected into the water flow serving as

visualization medium. A camera was applied to capture the unsteady flow structures that

form around the hemisphere and further downstream as shown in Fig. 1.7. In addition

to this, laser-Doppler anemometry (LDA) was applied to support the purely qualitative

results from the camera images. For this purpose, measurements at several points in the

wake region were conducted recording the velocity fluctuations of passing vortices in order

to detect the involved vortex shedding frequencies. As a result, two different shedding

frequencies were traceable in the wake. A lower frequency within the recirculation area

was connected to the formation of larger vortices that are fed by the instabilities of the
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Figure 1.7: Visualization of the characteristic flow structures around a hemisphere in a water
channel experiment [326].

separating shear layer. A second, about twice as high frequency, was found outside the

recirculation area associated with the shedding of hairpin vortices from the recirculation.

An elaborate shedding process was sketched (see Fig. 1.7, right side) showing the complex

interaction of hairpin vortices that stretch out into the wake and furthermore entangle

with their successors. Additionally, a whole range of formation and shedding frequencies

were plotted as a function of the Reynolds number showing a broad band of shedding

frequencies expressed as Strouhal numbers.

Yaghoubi [388] mentioned the relevance of domed roof buildings and their wide use in

classic and modern near and middle east civil engineering. Flow visualization around

different configurations of grouped domed structures was applied in order to observe

characteristic patterns of each setup. For this purpose, smoke produced by burnt oil is

used in a wind tunnel setup for flow visualization. Besides focusing on the flow structures,

the generated images are used to discuss the positive effects of passive cooling based on an

enhanced heat transfer due to the air that is accelerated across the front curvature of the

dome.

Numerical simulations

An early numerical study on wind pressures at and around a hemisphere was conducted

by Tamura et al. [327] in 1990. The authors already pointed out the importance of an

unsteady fully three-dimensional flow analysis to predict undesirable effects such as wind-

induced vibrations or gust formation in urban environments due to present building design.

The simulations considered two Reynolds numbers, i.e., Re = 2× 103 and 2× 104. The

numerical domain consisted of 4.628×105 grid points and the incompressible Navier-Stokes

equations were solved based on a finite-difference method. No turbulence models were

used. The results were compared with the previously mentioned studies [36, 206, 288]. All

relevant flow features, such as the horseshoe vortex in front and the arch-shaped hairpin

vortices in the wake, could be found. Furthermore, the effect of the Reynolds number was

demonstrated based on unsteady and time-averaged streamline plots.

A detailed three-dimensional numerical study was carried out by Manhart [207, 208] based

on large-eddy simulations. The study concentrated on the complex vortex shedding from a

wall-mounted hemisphere in a turbulent boundary layer at Re = 1.5 × 105. The Reynolds
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number was based on the research of Savory and Toy [288, 289] in order to compare

and validate the obtained numerical results with experimental data. The geometry of

the hemisphere was generated within a rectangular Cartesian mesh by simply blocking

out the grid cells that were occupied by the domed structure. The simulations were

carried out on two grid resolutions, fine (1.86 × 106 grid points) and coarse (6.45 × 105

grid points). The statistical analysis of the surface pressure and Reynolds stresses were

corresponding well with the experiment. Especially the pressure distribution along the

symmetry plane was found to be in good agreement with the experimental data of the

hemisphere with a rough surface presented by Savory and Toy [288]. Based on this result,

the cell blocking approach denoted as immersed-boundary technique seems to lead to an

artificial surface roughness of the hemisphere. Thus, the numerical results were further

on compared to the according experimental data. Furthermore, the frequency spectra

of the velocity fluctuations revealed significant peaks leading to characteristic Strouhal

numbers connected to the shedding processes. These were confirmed by spatio-temporal

visualizations of the unsteady velocity fluctuations in a chosen horizontal plane obtained

by the numerical simulations. From this procedure it was possible to track both significant

shedding types denoted as “quasi-periodic” and “quasi-stationary” forming an interesting

feature of the flow. The examination of time sequences of the horizontal plane revealed an

alternating behavior between both shedding types, in which only one is present within

a certain time span. Manhart [207, 208] concluded that the “quasi-stationary” shedding

type is depending on the amount of small-scale turbulence within the oncoming flow. As

the numerical grid was coarsened, only the “quasi-periodic” shedding remained visible

as the small-scale turbulence could not be resolved directly anymore. By additionally

applying the proper orthogonal decomposition (POD) method it was possible to detect

the dominant vortex shedding types mainly seen in the first three modes.

A further numerical study was carried out by Meroney et al. [215]. Main objective was

the analysis of the distribution of the three-dimensional wind load on smooth, rough and

dual domes in the shape of hemispherical caps. The simulations were carried out for

Re = 1.85 × 105 and 1.44 × 106. Several RANS turbulence models including the classical

k-ǫ model, a Reynolds stress model [366] and the Spalart-Allmaras model [315] were applied

leading to similar results.

Stoesser [319] summarized the advances of LES highlighting the capabilities of this sim-

ulation approach. One example illustrated the instantaneous flow structures around a

wall-mounted hemisphere depicted in Fig. 1.8 showing the complex interaction of large

turbulent structures in the wake. In this case the hemisphere represented an idealized stone

at the ground of a channel flow interesting in hydraulic engineering. Taking this example

to the next step, Bomminayuni and Stoesser [45] simulated the flow of a channel bed based

on LES. Generally, the ground of channel beds is often covered by pebble stones of different

sizes exhibiting complex geometries that influence the flow characteristics significantly

caused by the turbulent structures that arise from the roughened surface. In order to model

this feature adequately, closely packed hemispheres were chosen to artificially generate the

desired structure of the ground floor. Afterwards, the flow data were compared to the flow
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horseshoe vortex system

hairpin vortices

Figure 1.8: Flow structures around a hemisphere visualized with the Q-criterion by [319].

over a smooth surface. The turbulence statistics of the flow over this rough open-channel

bed were discussed presenting first and second-order moments as well as the visualization

of vortical structures. The bed with hemispherical roughness elements revealed complex

three-dimensional vortical structures including hairpin vortices, longitudinal and spanwise

streaks as well as horseshoe vortices. The strong mixing between the different vortex types

reduced the turbulence anisotropy of the flow near the bed compared to the smooth surface.

This observation was confirmed after plotting the invariant map showing a significant

decrease of turbulence anisotropy when approaching closer to the surface of a roughness

element.

Fu et al. [116] carried out a large-eddy simulation of a hemispherical dome in a smooth and

a turbulent boundary layer flow at Re = 2× 106. The numerical investigation were closely

matched to the previous experimental study by Cheng and Fu [67]. The simulations were

able to reproduce the experimental time-averaged pressure distribution on the hemisphere,

both under smooth and turbulent conditions. Regarding the rms-values of the surface

pressure fluctuation, the simulations revealed larger discrepancies in comparison with the

experiment, especially for the case of turbulent flow. This is caused by the rather rough

grid resolution with a wall-distance of y+ = 10− 50 that does not sufficiently resolve the

near-wall flow.

Complementary experimental–numerical studies

Tavakol et al. [330] accomplished a combined experimental and numerical study considering

a hemisphere immersed in two turbulent boundary layers of different thickness. The

experiments were carried out using hot-wire anemometry to record the velocity field

at certain planes upstream and downstream of the hemisphere in a wind tunnel at

Re = 6.4 × 104. The distributions of the velocity components and turbulent intensities

were presented for the streamwise and the spanwise directions as profile mainly focusing

on the recirculation zone. An additional velocity measurement was conducted close to

the front of the hemisphere investigating the formation of the upstream horseshoe vortex
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leading to a strong backflow in the near-wall region. The numerical simulations were

performed with a flow solver for an incompressible fluid using the SIMPLE algorithm [63]

and the RNG k-ǫ turbulence model [389]. The oncoming flow was generated by implying

the time-averaged data of the corresponding hot-wire measurements including also the

turbulence intensity. The results were in overall good agreement with the experimental

measurements.

A follow-up study by Tavakol et al. [329] presented a yet deeper investigation of the

hemisphere flow applying large-eddy simulations (LES) for Re = 3.6 × 104 and 6.4 × 104.

Based on the former study [330] the main objective of this paper was to outline the superior

results of the conducted large-eddy simulations compared to the previously performed

simulations using RANS turbulence models. The numerical grid consisted of 4.2 × 106 CVs.

A detailed analysis of different subgrid-scale (SGS) models, i.e., WALE [232], dynamic

Smagorinsky [122] and the kinetic energy transport model [171] was performed in order

to determine the influence of each model. The study included a thin turbulent boundary

layer δ/D ≈ 0.15 as inflow condition. To receive a realistic inlet velocity distribution with

appropriate velocity fluctuations, a turbulence inflow generator based on the method of

Sergent [301] was applied resulting in an excellent agreement between the LES results and

the experimental data. A comparison between the previous study [330] with the current

data presented the shortcomings of the RNG k-ǫ model especially in the wake region of the

hemisphere. Additionally, elaborate visualizations of the instantaneous vortical structures

around the hemisphere were presented which revealed a complex flow field around the

hemisphere. The presentation of the time-averaged flow field focused on the visualization

of streamlines and the surface pressure distribution. Unfortunately, the paper does not

present further statistical data such as two-dimensional velocity fields or second-order

moments around the hemisphere.

Kharoua and Khezzar [169] also performed LES predictions of the flow around a hemisphere

with a rough and smooth surface at Re = 1.4 × 105. The results were compared with

the experiment of Savory and Toy [288]. The applied numerical domain was divided into

two regions leading to a hybrid grid of hexahedral and tetrahedral cells. In the close

vicinity of the hemisphere and the far outer domain a structured hexahedral mesh was

applied to resolve the unsteady flow structures adequately. The space in-between was

filled up with tetrahedral cells which are again connected to the hexahedral mesh. This

approach was chosen to circumvent the problem of large cell distortions that arises when

the grid around the hemisphere has to be transferred to the cubical outer boundary. The

overall grid contained about 9 × 106 cells. The results of the LES allowed the visualization

of instantaneous three-dimensional flow pattern illustrating the complex interaction of

vortical structures in the close vicinity of the hemisphere. It turned out that the model

with roughness leads to a larger recirculation area compared to the smooth surface. This

numerical approach could not reproduce the experimental data taken from Savory and

Toy [288]. The observed deviations could result from the chosen approach to generate

appropriate surface roughness leading to an alteration of the separation characteristics

affecting the recirculation area and reattachment length.
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FSI experiments of thin-walled structures under wind loads

Studies on air-inflated structures

One of the few experimental studies on inflated spherically shaped structures under wind

loads was carried out by Newman et al. [229] in 1984. The motivation behind this study

was to give a proposal on the safe operation of air-inflated buildings exposed to wind.

Attention was put on the necessary inner pressure to keep the inflated structure operable.

For this purpose, the research was divided into two sections: First, the flow around three

domes with different height-to-base-radius ratios (h/(D/2) = 0.5, 0.37 and 0.25) made

of plexiglass were measured in a boundary layer wind tunnel mainly focusing on the

surface pressure distribution and smoke visualization of the flow patterns at Re = 50,800.

The results of the experimental pressure measurements were afterwards transferred to a

numerical simulation based a finite-element solver in order to obtain the stresses in the

plane of the membrane. The simulation was used to predict the position and orientation of

first buckling onset while reducing the inner pressure step-wise. To evaluate the numerical

results obtained, the rigid models were exchanged by inflatable models made of impervious,

effectively unstrechable light cloth as depicted in Fig. 1.9.

Figure 1.9: Air-inflated flexible membranous dome at various inner pressures exposed to turbulent
flow in a wind tunnel carried out by Newman et al. [229].

Each model was manufactured out of 16 single pieces that were cut and sewed together.

The overlapping flaps were glued together in order to avoid air leakage. After this, the

construction was fixed onto a rotatable wooden plate. The blower from a vacuum cleaner

was used to uniformly inflate the flexible model. After reducing the inner pressure during

wind tunnel operation, it was possible to observe the deformations on each flexible model.

Based on this experiment, the critical inner pressure was estimated to be about 0.65 times

the dynamic pressure measured at the apex of the dome. Dynamical effects of the wind

load excitation on the flexible structure were not taken into account. Moving towards a

practical application, Gong et al. [132] made a proposal for the subsequent utilization of

the China National Stadium after the 29th Olympic Games in Beijing had ended. For

this purpose, an air-inflated membranous roof was outlined to cover the stadium in order

to protect the visitors from outer environmental issues such as rain or extensive sun as

depicted in Fig. 1.10. A model scaled 1:20 was produced to verify analytic results by

experimental measurements. After testing the mechanical construction of the air-inflated
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Figure 1.10: Inflated membranous roof construction as protection against environmental influ-
ences for the further utilization of the China National Stadium presented by Gong
et al. [132].

structure by various static load cases, the general approach seems to be suitable for the

intended purpose. Due to the large expansion of the model (9.12 m × 6.2 m × 1.362 m)

unsteady wind loads could not be taken into account since the transfer to a suitable wind

tunnel facility appeared too difficult.

Another inflatable application is a portable ultra light-weight emergency shelter constructed

by the “uLites” research program10 depicted in Fig. 1.11.

Figure 1.11: Multipurpose temporal shelter (left) made of inflatable arc elements designed by
the uLites project. Prototype testing phase11(right).

The main design feature targets at the fast assembly of temporary housings in regions

that are often hit by natural disasters. In such cases a quick deployment of adequate first

supply is mandatory in order to establish medical care and emergency accommodations

for the sedentary population. The construction is composed of inflatable membranous

tubes in shape of arc-elements that are merged to a module of required length. For

the fast accessibility, the building is open at both sides making the structure vulnerable

to wind gusts leading to undesired dynamic lift forces. To estimate these effects, wind

tunnel experiments with down-scaled models were carried out by Larese et al. [183, 184].

Furthermore, a virtual wind tunnel for advanced coupled simulations of membrane systems

was presented by Rossi [277] to validate the experimental data. Similar to this investigation,

Liagro and Barsotti [196] carried out a finite-element simulation based on a thin geodesic

10http://www.cimne.com/websasp/ulites/default.asp
11http://www.designindaba.com/articles/creative-work/ulites-large-self-sustaining-emergency-shelter
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dome composed of a lattice of inflatable beams and panels as depicted in Fig. 1.12. In

addition to standard metallic elements, inflatable beams are used to further reduce the

weight of the structure. The hollow beams are pre-stressed by applying a certain amount of

inner pressure. In connection with the skin panels the dome is stabilized and sealed against

outer influences. This construction differs from a standard inflated structure, where the

complete interior of the building is pressurized to achieve a stable construction. The study

presented several load cases to examine the mechanical behavior of the structure, such as

static wind loads which were estimated according to the Italian NTC2008 norm (Norm

Tecniche Costruzioni 2008). As a result, the authors claim that the composite of inflatable

beams with panels is less vulnerable to instantaneous wind gusts compared to standard

fully inflated structures due to the superior stiffening characteristics under compression

loads.

Figure 1.12: Geodesic dome structures used for different applications: green house facility12(left),
modern house design13(right).

Studies on pre-stressed membranes

An early comprehensive experimental and numerical study was conducted by Glück et

al. [124] and Rank et al. [268]. The behavior of a large cable supported membranous

shield was tested in a wind tunnel. Measurements concentrated on the forces acting on

the retention cables and the deflection of the structure due to the wind loads. The results

were compared with complementarily conducted coupled simulations based on RANS and

showed good agreement concerning steady wind loads and displacements. Unsteady wind

loads were not taken into account.

Michalski et al. [219, 220] conducted similar experiments and corresponding numerical

simulations of large umbrella-type structures in turbulent flow typically found in open

terrain. The experiments were performed with the original umbrella of the dimensions

29 m × 29 m × 19 m (l × w × h) as shown in Fig. 1.13. Elaborate measurements of the

characteristics of the wind profile at the test site were carried out. The dynamic response

of the flexible structure to the flow field was measured by four cameras. The optical

12https://i.pinimg.com/736x/bd/e9/81/bde981bf3d3de7109715a3e042b710b8.jpg
13https://i.ytimg.com/vi/QprnAUfKOQg/maxresdefault.jpg
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measurements aimed at specific points at the tip of the umbrella in order to record the

unsteady deformations occurring under turbulent conditions. Additionally, the dynamic

forces were measured by strain gauge elements installed on the struts of the umbrella.

Afterwards, the experimental results were compared with complementary FSI simulations.

To achieve comparable results, the statistical data of the flow field taken at the test site were

transferred to the numerical domain as inflow conditions. The results of the experiment

and the numerical simulations were found to be in good agreement. Also falling into the

Figure 1.13: Umbrella structure with membranous skin elements at the test site including elabo-
rate wind profile measurements (Michalski et al. [220]).

category of pre-stressed membranes, the ARIES14 construction is an example for a highly

portable and thin-walled structure. Its main function is to provide a flexible seating canopy

as weather protection depicted in Fig. 1.14. An important development issue was the

sensitivity of the membranous components to wind loads. For this purpose, Kupzok [182]

studied the static deformations of the structure caused by the fluid forces. This analysis

was mainly based on RANS simulations with only minor contributions to the instantaneous

deflections of the membranous structure. However, the conducted simulations revealed a

synchronized behavior between applied fluid forces and the structural response indicating

a FSI lock-in effect. Another fundamental contribution on FSI of membranes was carried

out by Wu et al. [382]. The experimental research investigated the unsteady aeroelastic

mechanism of flexible structures exposed to a uniform wind profile using a small-scale wind

tunnel setup. The saddle-shaped model was composed of a rigid primary structure and

a flat membranous top made of a 0.4 mm thin latex sheet. The unsteady displacements

of the membrane were recorded with laser sensors at chosen surface points while the

flow was measured by a hot-wire probe. An analysis of the frequency response of the

14http://www.tensinet.com/index.php/component/tensinet/?view=project&id=4171
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Figure 1.14: ARIES15- Rapidly deployed temporary seating canopy (here seen as prototype).

membrane excitations was presented and set into correlation with the flow measurements.

The approaching wind deforms the membranous roof resulting in a quasi-static deflection

superimposed by highly dynamic vibrations of the structure. Amplitudes of the excitation

depend on the flow velocity and wind direction. Particular combinations of these two

parameters led to a lock-in between the structural excitation of the membrane and the

occurring vortex shedding. This phenomenon illustrated the presence of a vortex-induced

vibration (VIV) as described by Naudascher and Rockwell [228]. Within the lock-in range

the amplitude of the deflections can dramatically increases often leading to severe damage

of the structure.

Focusing on the aerodynamics behavior of a deformable membranous airfoil, Rojratsirikul

et al. [273, 274] studied the corresponding effects of pre-stress and excess length with

regards to unsteady FSI. An interesting phenomenon is the maneuverability (minimum

space required for a turn at a given velocity) of bats that are highly agile at low Reynolds

numbers. This skill is necessary for these animals when hunting for small insects and seems

to originate from the flexibility of the membranous wings. Approaching this phenomenon

the study compared rigid with flexible wings in a wind tunnel setup applying high-speed

PIV measurements at Re = 53× 104, 79.7× 104 and 10.6× 105 based on the chord length.

The images were used to determine the unsteady and time-averaged flow field taking second-

order moments into account. It was also possible to process the structure deformation

from the PIV images. Based on these data, the time-averaged deformation of the wing

at various angles of attack as well as the apparent modes and standard deviations were

analyzed. One result showed that the Reynolds stresses over the chord length were much

15http://www.tensinet.com/project_files/4171/Abb16_3.jpg
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higher in case of the flexible wing due to the large oscillations of the membrane which

excited the shear layer. Further comparisons between the flexible and the rigid airfoil

indicated that the recirculation region behind the membranous wing was smaller. Thus, it

was suggested that the flexible structure positively affects the drag and delays the stall

towards higher angles of attack.

1.3 Objectives of the Thesis

As the literature overview revealed, detailed experimental investigations taking the flow

field and the structure deformations equally into account are still rare due to the high

demands placed on the measuring equipment and test facilities. Nevertheless, the ongoing

research in FSI has to tackle this challenge and access the available technology to gain

progress in the examination of this complex multi-physical problem and to remain a reliable

source of validation for numerical simulations.

Against this background, the main objective of this thesis is the implementation of

appropriate measurement devices to capture the unsteady interaction between light-

weight structures exposed to turbulent flows. In detail the following studies comprise

the measurement and characterization of the fluid-structure interaction of a membranous

hemisphere exposed to a turbulent boundary layer (TBL). The measurements carried out

shall lead to an improved understanding of the complex interaction between the air flow

and the oscillating membranous structure including:

• The three-dimensional unsteady and time-averaged deformations of the air-inflated

flexible structure.

• Structure measurements covering the surface of the hemisphere as well as single

points and profile lines.

• Measurement of the spectra of the oscillating structure at predefined monitoring

points.

• Measurements of the unsteady and the time-averaged velocity field in the symmetry

plane of the hemisphere including first and second-order moments.

• Local measurements of the velocity spectra at predefined locations close and far from

the surface.

• Flow field measurements around a fully rigid hemisphere used as a reference for the

flexible case.

• Validation of the measurements using different devices (laser-Doppler anemometry,

particle-image-velocimetry and constant-temperature anemometry)

• Measurements of the gauge pressure inside the flexible hemisphere.
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To achieve these objectives, several successive milestones have to be taken. At the beginning,

the conceptualization of the experimental test case has to be developed including the

appropriate material and the size of the model used for the wind tunnel setup regarding

the utilizable space of the test section. Afterwards, suitable boundary conditions have

to be defined. This includes the generation of an appropriate TBL at the inlet of the

test section with reproducible characteristics as well as the comparison of the achieved

mean velocity profile and the turbulent fluctuations with those found in the literature. In

order to achieve the desired inlet conditions within the given wind tunnel setup, different

turbulence generation devices have to be examined to find an optimum configuration

capable to mimic a naturally developing turbulent boundary layer best possible. This

preparatory work is of fundamental importance especially for the subsequent comparison

with the complementary numerical studies, since the flow field is highly dependent on

the boundary conditions. Therefore, a careful investigation of the generated TBL within

the given experimental framework is necessary to generate a high-quality data set that is

transferable to the numerical domain. Utilizing the experimental data as inflow conditions

in the numerical simulations is a prerequisite for a reasonable comparison of experimental

and numerical results.

Based on these preliminary studies, the examination of the flow around a wall-mounted

rigid hemisphere is conceived. Detailed measurements of the flow field around the solid

obstacle are necessary to validate the chosen wind tunnel setup and boundary conditions

by comparing the results with the mentioned literature. This leads to the unsteady and

time-averaged characteristics of the flow field without taking the flexible structure into

account. Afterwards, the results are then used as a starting point for the experiments

on FSI as well as for the validation of comprehensive numerical predictions based on

large-eddy simulations and synthetic inflow data.

A next milestone is the manufacturing of an adequate model that represents a flexible and

membranous hemisphere best possible. Here the challenges arise from the production of a

thin-walled model including the selection of suitable materials that satisfy the required

membranous characteristics also with regards to the complementary numerical simulations.

Especially the requirement concerning the thickness of the chosen membrane is critical

since it should be as thin as possible. First of all, the thickness is limited by the attainable

manufacturing process. Secondly, a very thin structure tends towards local wrinkling,

which has to be avoided to circumvent the implementation of complex numerical models

taking this effect adequately into account. Furthermore, the properties of the chosen

material have to be determined carefully considering the elastic and the dynamic behavior.

Additionally, a reproducibility study of the chosen manufacturing process has to prove the

quality of the produced models.

After a suitable model is found, the installation of the flexible membrane into the test

section has to be established. To measure the three-dimensional deformation of the

structure and the flow field around the deformable hemisphere, appropriate acquisition

equipment has to be integrated into the wind tunnel environment.

Finally the measurements of the deformable membranous hemisphere in the wind tunnel
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shall be carried out in order to analyze the characteristics of the underlying fluid-structure

interaction at different Reynolds numbers. The main sources for the complex interaction

between the flow and the structure excitations shall lead to a deeper understanding of the

coupled system using the methods pointed out above. Lastly, the obtained data shall be

used for the validation of corresponding numerical simulations. The numerical data are

used for a complementary view of the complex FSI phenomena supporting the experimental

findings.

1.4 Outline of the Thesis

The structure of this thesis is organized in three parts:

Part I. The first part focuses on the theoretical basis of this thesis: Chapter 2 outlines

the fundamentals of fluid-structure interaction considering the fluid and structure

domain separately before discussing the characteristics of the coupled problem.

The features of the fluid field concentrate mainly on the phenomena observed

for wall-mounted bluff bodies in turbulent flow. The structure domain presents

usual membrane constructions and outlines the fundamental continuum mechanics

necessary to describe the deformation of such structures. The separated view of both

fields is then joined to describe the commonly observed phenomena of light-weight

structures exposed to fluid flow regarding the main FSI mechanisms. Afterwards,

common measurement techniques to capture FSI experimentally are presented in

Chapter 3. This chapter provides a detailed overview of the measurement equipment

used for the investigation of FSI.

Part II. The second part is devoted to the definition of the case and the experimental setup:

The actual test case of a wall-mounted hemisphere in turbulent flow is discussed in

Chapter 4. An overview of the defined boundary conditions and requirements of

the used models are given. This chapter is followed by the experimental frame of

the study focusing on the actually applied devices used to measure the complex FSI

problem. Chapter 6 outlines the manufacturing process of the applied hemisphere

models with major focus on the requirements, preparation and material properties of

the membranous flexible silicone model. Moreover, preliminary studies of the static

and dynamic behavior of the flexible model outside the wind tunnel are discussed.

Part III. The third part presents the outcome of the experiments: Detailed results of the

measurements of the rigid and the flexible hemisphere under turbulent flow conditions

are presented and discussed in Chapter 7. These include unsteady and time-averaged

data used for the comparison between the rigid and the flexible hemisphere. Further-

more, the experimental measurements are compared with complementary numerical

simulations taken from the literature. Finally, all results and achievements are

concluded in Chapter 8 closing this thesis with an outlook towards possible future

studies.
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2. Fluid and structure characteristics

A common approach to characterize a specific problem in FSI is to split up the complex

coupled system into its main fields, i.e., the fluid and the structure dynamics. The separated

view allows the independent examination of each domain using its established terminology

before turning towards the coupled system. This method is depicted in Fig. 2.1.
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Figure 2.1: Common approach used to analyze complex fluid-structure interaction problems by
first determining each system independently before examining the coupled system.

Following the illustration, the flow field around a rigid hemisphere is measured without

considering any structure deformations. The fluid domain is characterized by the unsteady

and time-averaged velocity and pressure field surrounding the hemisphere. In parallel, the

static and dynamic behavior of the thin-walled flexible structure as well as the material

properties are determined. Especially, the material damping and the elastic properties of

the chosen material are of interest. Furthermore, the natural frequencies of the structure are

fundamental characteristics of the system. The frequency response of the flexible structure

is important for a subsequent analysis of the extraneously excited system. After the

profound examination of each field, the coupled system is observed using the individually

obtained data of the fluid and the structure domain. These data sets are mainly used as a

reference and are compared to the coupled system in order to study the FSI phenomenon.
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2. Fluid and structure characteristics

This chapter adopts the presented approach aligning its structure accordingly. First, two

commonly applied methods to characterize the flow are outlined. Afterwards, a summary

of the important features of wall-bounded flows are described in detail. This includes the

approaching flow, i.e., the turbulent boundary layer, and various complex flow phenomena

arising from the flow around a wall-mounted hemisphere. The second part summarizes

the behavior of thin-walled structures with emphasis on membranes. Finally, the two

disciplines are brought together to discuss the coupled system regarding the physical

phenomena involved in the interaction between thin light-weight structures and turbulent

flows.

As a starting point, the following section summarizes the most common methods applied

to characterize the general topology of a flow field. The outlined techniques are afterwards

used for the description of the complex flow.

2.1 Flow topology

Numerous concepts have been established over the last decades contributing to the com-

prehensive visualization of complex flow fields. These are of special interest in the growing

field of experimental and numerical investigations. This paragraph briefly summarizes two

concepts used to describe the topology of a flow field in a straightforward approach, i.e.,

streamlines and the critical-point concept. These classical and well established methods

are applied to discuss the flow field around bluff bodies in this chapter and are further-

more used in the discussion of the results in Chapter 7. Although widely known, a brief

outline appears appropriate and is furthermore used to define the spatial base and the

corresponding variables of the investigated flow.

2.1.1 Streamlines

The concept of a streamline is a common approach to visualize a flow field reaching back

to the fundamental work of Daniel Bernoulli1 in 1738. Streamlines are an illustrative

method to distinguish characteristic regions in a flow field, especially when applied to

steady flows or time-averaged velocity data. A schematic representation of a streamline

map around a wall-mounted bluff body is depicted in Fig. 2.2. In this example, the time-

averaged streamlines are used to visualize the complex flow field around a surface-mounted

hemisphere closely related to the present study.

A streamline can be described as a curve which is defined by the function f(x, y, z) = 0. At

every location on this curve the associated tangent points in the direction of the velocity

vector V. Consider a given point P on the streamline at which a directed and tangential

element ds can be formed as schematically presented in Fig. 2.3.

1Daniel Bernoulli (8th February 1700 – 17th March 1782): Swiss mathematician and physicist with fundamental contri-
butions to mechanics, probability and statistics.
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Figure 2.2: Schematic representation of the flow field around a surface-mounted bluff body
highlighting main flow features based on streamlines of the time-averaged flow.

streamline

y

xz

f(x,y,z) = 0

ds
V

P

Figure 2.3: Representation of a streamline with the tangent element ds parallel to the velocity
vector V.

By definition the velocity vector V is parallel to ds. This can be written as:

ds×V = 0 . (2.1)

Transformed to a Cartesian base the directed element ds is expressed by the coordinates

x, y and z. Combining ds with the velocity vector V, composed of the components u, v

and w, the resulting vector yields:







dx

dy

dz







×







u

v

w







=







(w dy − v dz)

(u dz − w dx)

(v dx− u dy)







︸ ︷︷ ︸

differential equation of streamlines

= 0. (2.2)

Thus equation (2.2) directly leads to the differential equations for the streamline. Separating

the spatial derivatives from the velocity components leads to:

dy

dz
=
v

w
;

dz

dx
=
w

u
;
dx

dy
=
u

v
. (2.3)

This set of equations describes the underlying relation between the fluid velocity and
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2. Fluid and structure characteristics

the streamline. For a two-dimensional case it is sketched in Fig. 2.4. The Cartesian

components of the flow are further on denoted u (streamwise), v (spanwise) and w (vertical,

wall-normal).

V

=

streamline

dy
dx

u
vP

y=f(x)y

x

u

v

Figure 2.4: Example of a streamline illustrating the underlying equation in the two-dimensional
Cartesian space coordinate system.

2.1.2 Critical point concept

Another well established method is the critical-point concept also referred to as “phase-

space” theory. The theory was originally developed to study the behavior of ordinary

differential equations with fundamental contributions made in [14, 163, 222, 261, 332].

Later, the concept was adapted for the visualization of flow patterns. Over the past decades

major contributions were made [80, 88, 154, 192, 193, 197, 213, 251, 311, 346–349, 356, 357].

This section briefly summaries the idea behind critical points and their importance for the

interpretation of complex flow fields.

Consider a given set of vectors in a flow field, where associated vectors can be connected to

continuous tangent curves which illustrate the trajectories of the flow starting at any given

point. For steady flows these tangent curves are equal to streamlines. At some location

in a complex flow field there are points where the velocity gradient is not determinable

and the velocity is zero. These points are classified as critical points and possess some

interesting properties. One example: Two streamlines (blue, green) are located very close

to each other and follow the main flow direction as depicted in Fig. 2.5.

After encountering a critical point both streamlines are redistributed and follow different

trajectories. After passing the critical point these streamlines end at completely opposite

regions of the flow field. This is a so-called “saddle point” where streamlines are diverted

to different regions. A classification of the relevant critical points connected to flow fields

are part of the next section.

2.1.2.1 Application to flow fields

For steady flows or for sufficiently time-averaged data sets, critical points can be located

by observing the behavior of streamlines. As mentioned above streamlines are derived as
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saddle point
streamline 1

streamline 2

x

y

FLOW

u, ∂ u
∂ x )flow field ) , ,... ...

Figure 2.5: Schematic example of a saddle point diverting the former parallel flow into very
different directions.

tangent curves connected to the vector distribution in a given flow field. Interesting or

“critical” points are located in regions, where the slope of a streamline is not determinable,

i.e., all velocity components vanish. These points can be classified by the behavior of the

neighboring streamlines in the close vicinity of its location. This method is especially

useful for the interpretation of flow patterns such as flow attachment and separation. A

brief discussion of the theoretical background and resulting critical points shall provide an

overview of the underlying concept used for the upcoming presentation of the flow patterns

around bluff bodies. For a deeper insight into the fundamental theory of critical points

and the application to three-dimensional flow fields, the studies of Perry and Chong [258]

and Chong et al. [69] are recommended.

In modern experimental setups and in numerical simulations the interesting variables are

measured or calculated and stored in a data set. Each measuring point or grid cell contains

the complete set of information (velocity, pressure, etc.) connected to the local flow field.

In many cases the unsteady flow field is recorded within a certain time span. Afterwards the

time-averaged flow is determined from the collected data to characterize the mean topology

of the investigated problem by observing the distribution of the resulting streamlines.

Thus, all variables to visualize the flow field are available. The critical point concept aims

at locations in the flow field, where the velocity gradients are zero, i.e., the slope of the

streamline is not defined. Still a connection between the neighboring streamlines with

respect to the critical point has to be calculated to determine the correct trajectory of

each streamline passing a critical point. For this purpose, the close neighboring flow field

at a critical point can be approximated according to the eigenvalues of the corresponding

Jacobian matrix. The Jacobian matrix can contain any first-order variable like pressure or

velocity gradients.

A brief example in two-dimensional space shall explain the basic idea: For a known velocity
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field, a first-order differential equation ẋ = Ax can be written as follows:

(

du

dv

)

︸ ︷︷ ︸

ẋ

=






∂ u

∂ x

∂ u

∂ y
∂ v

∂ x

∂ v

∂ y






︸ ︷︷ ︸

A

(

dx

dy

)

︸ ︷︷ ︸

x

. (2.4)

Equation (2.4) denotes the relationship between the velocity components (u, v) and their

corresponding gradients (∂ u/∂ x, ∂ u/∂ y, ∂ v/∂ x, ∂ v/∂ y) at the location of the critical

point x, y = 0. To determine the eigenvalues and eigenvectors of equation (2.4), the classic

matrix eigenvalue problem:

[A− λ I] e = 0 (2.5)

is solved, where I is the identity matrix and e is the eigenvector. The corresponding

eigenvalues λ can be determined by the characteristic determinate:

det |A− λ I| = 0 . (2.6)

In detailed notation this yields:

det

∣
∣
∣
∣
∣
∣
∣

∂ u

∂ x
− λ

∂ u

∂ y
∂ v

∂ x

∂ v

∂ y
− λ

∣
∣
∣
∣
∣
∣
∣

= 0 . (2.7)

The solution of equation (2.7) leads to the characteristic polynomial equation:

λ2 − λ

(
∂ u

∂ x
+
∂ v

∂ y

)

︸ ︷︷ ︸

p=tr|A|

+
∂ u

∂ x

∂ v

∂ y
− ∂ u

∂ y

∂ v

∂ x
︸ ︷︷ ︸

q=det|A|

= 0 . (2.8)

Solving equation (2.8) leads to the eigenvalues λ1,2:

λ1,2 =
1

2









(
∂ u

∂x
+
∂ v

∂y

)

±

√
√
√
√
√
√

(
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+
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)2

− 4

(
∂ u

∂ x

∂ v

∂y
− ∂ u

∂ y

∂ v

∂x

)

︸ ︷︷ ︸

Q









. (2.9)

In case of an incompressible fluid the shear strain component (∂ u/∂x+ ∂ v/∂ y) vanishes

and the solution of the eigenvalues reduces to:

λ1,2 = ±1

2

√

−4

(
∂ u

∂ x

∂ v

∂y
− ∂ u

∂ y

∂ v

∂x

)

. (2.10)

30



Flow topology

Depending on the value of the discriminant Q the eigenvalue can follow the three basic

cases:

Q > 0: There exist two real eigenvalues with different values.

Q = 0: There exist two real eigenvalues with the same value.

Q < 0: There exist two conjugate complex solutions for the eigenvalues.

The eigenvalues λ1,2 are then substituted into equation (2.5) to determine the eigenvector e.

Thus, the characteristics of the critical point strongly depend on the values of the velocity

gradients at the investigated location. Each of the three basic cases mentioned above

results in characteristic critical points which are classified in the following.

2.1.2.2 Classification of critical points

Different critical points are classified based on the theoretical analysis and correspond

to the previously calculated eigenvalues. The resulting characteristics of a critical point

are connected to the real or complex solutions. Generally, the real roots (R1, R2) are

associated with an attracting or repelling behavior of the vector field, whereas the imaginary

parts (I1, I2) denote the rotation of the flow. The basic characteristics are presented in

Fig. 2.6 including the real and imaginary properties based on the studies of Helman and

Lambertus [143, 144].

R1 = R2 = 0

I1 = I2 = 0

I1 = I2 = 0

I1 = I2 = 0

Saddle point Center

Nodal point Focus

R1 < 0

R2 > 0

R1 = R2 < 0
I1 = -I2

</> 0

R1 = R2 > 0
I1 = - I2 0

I1 = -I2 0

R1 , R2 < 0

R1 , R2 > 0

attracting

repelling

</>

</>

Figure 2.6: Schematic representation of the classification of critical points based on the charts
presented in [143, 144].

The left side depicts a saddle point resulting from a negative and a positive real solution.

Directly at the saddle point the solution trajectories are tangential curves pointing parallel
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to the directions of the occurring eigenvectors. The second category of critical points are

the repelling and attracting nodes. Directly at the surface of bodies or walls the velocity

is zero due to the no-slip condition. With increasing distance from the surface tangential

curves form. These curves must not necessarily travel along the wall with the fluid flow

but can also terminate at a distinct single point. These are nodal points where tangential

curves bundle up. A repelling node corresponds to the detachment of the flow, whereas an

attracting node denotes flow attachment. Nodes have only real solutions since rotation

is not involved. Foci are characterized by the rotation of the vector field connected to

the imaginary part. Furthermore, the direction of the spiraling streamlines result from

the sign of the real part. If the real part is negative the focus has an attracting behavior.

The opposite is a repelling focus resulting from a positive real. Centers are topological

structures that only contain imaginary parts and are connected to pure rotation of the

flow field. In this particular case the trajectories are neither attracted towards the critical

“center point” nor they are repelled. In contrary to all other critical points, the center is

therefore considered “neutrally stable”.

In three-dimensional flows the eigenvalue problem of equation (2.6) leads to an additional

eigenvalue λ3 related to the third flow component w. Consequently, this relates to an

additional component of the corresponding eigenvector e. Nevertheless, this does not affect

the statements given for the classification map shown above. The characteristics of the

critical points remain valid. Thus, repelling and attracting behaviors are connected to the

real part and the rotation of the trajectories corresponds to the imaginary part. As an

example of a three-dimensional solution, the trajectory of a focus is presented in Fig. 2.7.

eigenvector

focus in
x − y plane

e

x
y

z

Figure 2.7: Three-dimensional trajectory of a focus with complex eigenvalues.

In this image the solution of the imaginary part is a two-dimensional focus on the x-y plane.

The solution trajectories colored in green are spiraling around a real eigenvector colored in

red stretching the curve into the third spatial dimension.

The introduced terminology of streamlines and flow topology is applied in the following

sections discussing the turbulent flow field around the wall-mounted hemisphere.
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2.2 Wall-mounted bluff bodies in turbulent flow

This section focuses on the flow field past surface-mounted bodies with smooth surfaces2.

The fluid flow around bluff obstacles exhibits complex unsteady characteristics. Large

vortices form in the vicinity of the body separating from its surface and break up into

vortical structures of decreasing size carried downstream. The dynamic behavior of these

vortex formation and shedding processes can be characterized using different approaches.

One option is the determination of characteristic shedding frequencies occurring in the

wake due to the separation of the flow from the body leading to strong velocity fluctuations

in the wake. Another method is the visualization of the unsteady flow in order to study the

topology of the vortical structures. Furthermore, the time-averaged flow field is commonly

evaluated to characterize the mean behavior of the flow using streamlines or the critical-

point concept mentioned above. In this section, these techniques are applied to take a closer

view at the dominant flow features that arise in connection with bluff bodies with special

emphasis on the flow past a hemisphere. The objective is to provide a detailed overview of

the typically observed flow phenomena. For this purpose, the previously presented flow

chart of Savory and Toy [288] (see Fig. 1.5) and the schematic graph in Fig. 2.2 are used as

guidelines beginning with the upstream condition and subsequently moving downstream.

All highlighted phenomena are discussed in detail to give an elaborate insight into the

complex flow field. All important features are taken up in the discussion of the results

in Chapter 7. To begin, some general characteristics on the upstream conditions of the

considered flow are discussed.

2.2.1 Boundary layer flows

The upstream flow condition has a significant impact on the resulting flow field around a

body. This renders it a major feature of the examined flow problem. In the present case, the

hemispherical obstacle is immersed into a fully developed turbulent boundary layer (TBL).

The TBL is used to mimic the influence of a large-scale natural boundary layer, especially

observed in urban regions. Within the next sections the challenges and restrictions that

arise from scaling large field application to the experimental test environment are discussed

based on the example of the urban boundary layer.

2.2.1.1 Urban boundary layer

In civil engineering and meteorology the naturally developing boundary layer in urban

environments is of increasing interest. The wind profile directly influences environmental

and infra-structural factors such as air pollution, heat transfer, the vulnerability of buildings

to wind loads or channeling effects in street canyons, just to mention a few. The resulting

wind profile is uniquely linked to the local environment ranging from large to micro scale.

2The effects of surface roughness are not discussed since the present study is especially devoted to wind tunnel models
with smooth surfaces.
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The structure and development of an urban boundary layer is schematically presented in

Fig. 2.8 on the basis of the research of Oke [245–247].

Rural BL

Mixing layer

Urban plume

Urban BL
Planetary BL

2) Surface layer

2) Local scale

1) Mesoscale

3) Microscale

3)

UCL

Surface
layer

Inertial sublayer

Roughness
sublayer

Roughness
sublayer

UCL

UrbanRural RuralUrbanRural Rural

Figure 2.8: Development and composition of urban boundary layers (UCL: Urban canopy layer)
on the basis of the studies of Oke [247].

Part (1) of the picture displays an urban region at the scale of a whole city which is also

called the mesoscale. In the rural and the urban region a surface layer is omnipresent

caused by the arbitrary surface roughness such as fields, forests or infra-structure like

buildings. Different processes contribute to the development of the surface layer. For

example in subfigure (2) a magnification of the suburban region is depicted. A so-called

urban canopy layer (UCL) is formed between the ground and the height of the buildings.

This micro climate (subfigure 3) is experienced by the inhabitants and can suddenly change

with the variation of the topology of the buildings. Just above the UCL turbulent mixing

processes are causing the development of the roughness sublayer since the flow is still

influenced by the surface but can travel freely above the obstacles. The turbulence intensity

decreases at higher altitudes forming the inertial sublayer bordering at the upper limit of

the surface layer. The actual urban boundary layer (UBL) is composed of the surface layer

and the mixing layer. Within the mixing layer the heat convection produces additional

turbulent motion that has a significant influence on the development of the UBL.

To take a glimpse at the complex three-dimensional behavior of urban boundary layers,

large-scale experiments are carried out mostly investigating the mean flow and turbulence

levels at limited static measurement stations. A common example is the Basel UrBan

Boundary Layer Experiment (BUBBLE) carried out between July 2001 and July 2002 [279].

At various test sites including different terrain types tower pylons ranging twice the obstacle

height were applied to measure the turbulence profile. Main objective of this study was

the establishment of a long-term data set to draw conclusions on the pollutant dispersion
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processes in urban regions. Besides others [12, 71, 113, 125, 159, 216], this study is a

good example that the characteristics of natural boundary layers are very complex and

hard to derive from the limited data sources. Even more difficult, if not impossible, is the

adequate transfer to a down-scaled wind tunnel setup since every landscape is connected

to a unique climate and topology. It is more feasible to strongly idealize this complex

flow phenomena by generating a zero-pressure-gradient turbulent boundary layer as inflow

condition. The properties of the turbulent boundary layer are well studied and a large

experimental and numerical reference data base including analytic solutions is available.

However, this supposedly simple flow case holds its own challenges.

2.2.1.2 Turbulent boundary layer

The behavior of turbulent boundary layers has been studied over a century reaching back to

the early work of Prandtl3. Today, the TBL is still part of the ongoing research and vastly

used as inflow condition in wind tunnel experiments concerning practical applications such

as civil or wind engineering. The naturally developing TBL usually takes large distances

ranging over several meters depending on the required thickness. Especially for smaller

wind tunnel facilities the generation of an adequately thick turbulent boundary layer is

challenging. Here special turbulence generators are used to artificially generate the TBL.

These devices are applied to enforce a turbulent transition of the incoming flow in order

to achieve the desired velocity profile over a short development length (see Section 5.2.4).

To prove an actual measurement of the time-averaged velocity profile in a TBL, various

analytic approximations are found in the literature. In general, the measurements of a

TBL in the test section of a sub-sonic wind tunnel are often compared with an idealized

statistically steady reference profile that is derived under the assumption of incompressible

and isotherm conditions. The flow is considered to pass over a smooth wall exhibiting two-

dimensional (streamwise and wall-normal) time-averaged characteristics without lateral

deviations. Furthermore, possible pressure-gradients influencing the flow field are neglected

resulting in the so-called “zero-pressure gradient turbulent boundary layer”. A classical

formulation found in the literature is given in form of the power law:

ui
U∞

=
(z

δ

)1/n

. (2.11)

In this equation, ui is the local time-averaged velocity in streamwise direction, U∞ is the

free-stream velocity outside the boundary layer, z is the vertical distance from the wall and

δ defines the thickness of the boundary layer. Usually the exponent is chosen to 1/n = 1/7

as introduced by Nikuradse [234] for pipe flows but also applied in zero-pressure-gradient

TBL-type flows. Furthermore, the displacement thickness

δ1 =

∫ ∞

0

(

1− ui
U∞

)

dz (2.12)

3Ludwig Prandtl (4th February 1875 – 15th August 1953): German engineer and pioneer in fluid mechanics, especially
boundary layer flows.
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and the momentum thickness

δ2 =

∫ ∞

0

ui
U∞

(

1− ui
U∞

)

dz (2.13)

are attainable from the velocity distribution of the turbulent boundary layer. It is common

practice to characterize the TBL by its Reynolds number based on the momentum thickness

δ2 and the kinematic viscosity ν:

Reδ2 =
U∞ δ2
ν

(2.14)

Equation (2.11) is often used as an approximation to prove experimental measurements.

Nevertheless, it is limited to a certain region within the velocity distribution called the

“fully turbulent region”. In general a fully developed TBL on a smooth surface is composed

of several regions schematically depicted in Fig. 2.9 as a semi-logarithmic plot.

(z+ = uτ z/ν)

u+ = ui/uτ

inner layer

buf er layer

fully turbulent region

log law region outer layer

z+ = 5 z+ = 50 200
ln

u+ = z+

region
overlap

f

-

viscous

sublayer
-

Figure 2.9: Semi-logarithmic representation of a zero-pressure-gradient turbulent boundary layer
with its characteristic regions.

In the classical theory [221, 292, 345] two main regions are distinguished: The inner layer,

which is derivable from the equations of motion, and the outer layer that is mostly based

on empirical observations.

The inner layer is divided into the viscous sublayer (blue), the buffer layer (brown) and

the log-law region (red). These layers are classified by the dominating physical effects

taking place: Directly at the surface the velocity is zero due to the no-slip boundary

condition. Just above this, in the close-wall region z+ = uτ z/ν < 5, effects based on the

molecular viscosity dominate leading to a linear relationship between u+ = ui/uτ and z+.
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The viscous sublayer is followed by the buffer layer, where the influence of turbulence

increases until the log-law region is reached, which is dominated by turbulence ranging

between 50 ≤ z+ ≤ 200 depending on the Reynolds number as presented by Österlund et

al. [250].

The inner layer is scaled using the viscous length l∗ = ν/uτ , where uτ =
√

τw/ρ is the

friction velocity with the wall shear stress τw and the density of the fluid ρ. In the classical

theory the complete inner region of the TBL is defined as the “law of the wall”:

f(z+) = u+ =
ui
uτ

with z+ =
uτ z

ν
. (2.15)

Expressed in the presented variables of the inner layer, the log-law region is described by:

u+ =
1

κ
ln (z+) + C1 with κ ≈ 0.4 (2.16)

with the von Kármán constant κ and an universal integration constant usually set between

C1 ≈ 5.0 and 5.2 for smooth walls.

The outer region (green) is scaled with the thickness of the boundary layer defined as “the

velocity defect law” and formulated by its corresponding outer variables:

f(ξ) =
U∞ − ui
uτ

with ξ =
z

δ
. (2.17)

Analog to equation (2.16) this yields:

U∞ − ui
uτ

= −1

κ
ln (ξ) + C2 . (2.18)

At sufficiently large Reynolds numbers it is assumed that an overlapping region between

the law of the wall and the velocity defect law occurs where both curves match. Combining

equation (2.16) and (2.18) leads to the “logarithmic skin friction law”:

U∞
uτ

=
1

κ
ln

(
δ uτ
ν

)

+ C1 + C2 . (2.19)

Several research groups [23, 120, 393] have critically discussed possible inconsistencies of

equation (2.19) based on enhanced experimental data leading to a proposal for alternative

descriptions. However, Österlund et al. [250] could show that this logarithmic overlap

region is in very good agreement for Reδ2 > 6000 having measured a series of TBLs

ranging between 2700 ≤ Reδ2 ≤ 27000 in two different wind tunnels. From this study, the

parameters for the logarithmic overlap were found to be constant when κ = 0.38, C1 = 4.1

and C2 = 3.6. However, below Reδ2 = 6000 the overlap region between the inner and outer

layer seems to have a strong Reynolds number dependency.

Besides the time-averaged velocity profile the distribution of the Reynolds stresses within

the TBL are of interest. A fully developed TBL is characterized by increasing turbulent

37



2. Fluid and structure characteristics

fluctuations when approaching the wall which then tend to zero at the wall itself. Further-

more the time-averaged properties of the flow, i.e., mean velocity and turbulence intensity,

do not change significantly at locations further downstream. At some location the TBL

is assumed to reach an equilibrium stage. Beyond this point similarity of profiles taken

arbitrarily along the streamwise direction is given. A fully developed TBL matching these

characteristics is often desired as inflow condition in wind tunnels. In practice, many test

sections do not exhibit the appropriate length to guarantee a sufficiently developed TBL.

In these cases a rapid transition of the oncoming flow has to be enforced often connected to

undesired effects. A short introduction into this special issue is presented in the following.

2.2.1.3 Boundary layer generation in small experimental setups

In many wind tunnel setups the necessary range to allow a naturally developing TBL is

not feasible. Thus, an artificially forced transition of the approaching flow is obtained

by so-called “turbulence generators”. These generators act as a flow barrier to receive

a fully developed turbulent inflow condition entering the test section. For this purpose,

single devices or a combination of vortex generators are commonly used depending on

the available dimensions of the wind tunnel. Usually, every device is analyzed separately

to evaluate its influence on the flow in order to select the appropriate apparatus. If the

artificially generated TBL is not satisfying the desired inflow conditions, an alternative

device or a combination of different generators is used. A challenging task is the generation

of very thick boundary layers over relatively short distances without significant “dents” in

the velocity distribution often accompanied with excessive turbulence intensities caused

by the applied flow barrier. The approach used in the present study is described in

Section 5.2.4. However, a short summary of this important topic is given in advance.

Figure 2.10: Examples of turbulence generators used for enforced artificial boundary layer transi-
tion. Left: Setup with large Counihan vortex generators followed by cubic rough-
ness elements as presented by Wittwer et al. [369]. Right: Setup used in the
ACLA164Wind Tunnel (Universidad Politécnica de Madrid) containing large spires,
a barrier (background) and cubic roughness elements.

4http://www.idr.upm.es/aero_civil/02_tunel_en.html

38



Wall-mounted bluff bodies in turbulent flow

A few examples of common turbulence generators are presented in Fig. 2.10 based on the

studies in [75, 188, 285]. These devices are installed in the upstream part of the wind tunnel.

An appropriate development range between the forced transition and the entry to the test

section has to be guaranteed to avoid undesired velocity fluctuations or periodic vortex

shedding effects caused by the flow barrier. The impact of the vortex generators on the

time-averaged flow field can be examined by the following steps. First, the time-averaged

velocity profile in streamwise direction is analyzed. A straightforward comparison with

the analytic solution of the previously mentioned 1/7 power law (equation (2.11)) is a

simple evaluation method. It immediately reveals whether the velocity distribution follows

a fully developed TBL or a significant influence of the vortex generators is still present.

Often the location of the turbulence generators is crucial. A position too close to the inlet

of the test section causes excessive losses in the velocity distribution in the inner region

(log-law region) of the TBL due to coherent vortical structures shedding from the flow

barrier. This is often accompanied with an insufficient defect in the outer region of the

boundary layer. These effects are schematically presented in Fig. 2.11.

u/U∞

reference prof le
(1/7 power law)

z/𝛿
suf cient defect
outer layer lacking

from turbulence generator
ef ects of vortex shedding
inner layer inf uenced by
f

fi

i

l

Figure 2.11: Characteristic time-averaged streamwise velocity profile observed for an inappropri-
ate setup of turbulence generators.

After the optimization of the time-averaged velocity profile, a second evaluation has to be

made regarding the turbulence intensity of the TBL. Especially the turbulence distribution

in the log-law region is often considerably higher than in naturally developing TBLs,

which is mostly unavoidable due to the short operating distances in small wind tunnels.

Nevertheless, a comparable distribution mimicking a naturally developing TBL should

be maintained to avoid larger systematic errors in the inflow condition. This requires

systematic investigations on the used devices. Often a certain combination of various

turbulence generators at different positions in the upstream region of the wind tunnel

leads to the optimum setup. The resulting turbulence distribution can be compared with

the large amount of experimental data available or direct numerical simulations (DNS) of

turbulent boundary layers.

The following section focuses on the complex upstream flow features, i.e., the horseshoe

vortex system, found in front of bluff bodies arising from the turbulent boundary layer.
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2.2.2 Horseshoe vortex system

A remarkable flow feature of wall-mounted structures is the formation of so-called“horseshoe

vortices” (HSV). The name of this vortex system refers to the observable vortical structure

that can be described by the shape of a horseshoe wrapping around the obstacle depicted

in Fig. 2.12.

1

3 4

2

Figure 2.12: Examples of horseshoe vortex systems in nature and technical application:
(1) Color modified image of a horseshoe vortex system forming around a wall-
mounted cylinder5. (2) Horseshoe cloud formation by Amanda Harris6(Golden City,
Missouri). (3) Smoke-wire image of a horseshoe vortex forming in front of a cubic
obstacle7. (4) Numerical simulation of the flow past a wall-mounted hemisphere
capturing the primary horseshoe vortex [373].

Although mostly connected to wall-bounded flows around bluff bodies, the vortices can

also form in free fluid flow. For example, Dalin et al. [78] observed clouds originating

from atmospheric Kelvin-Helmholtz waves that developed to coherent vortex structures

similar to a horseshoe or hairpin vortex. However, the present study focuses on the

horseshoe vortex connected to a wall-bounded flow field. Briefly summarized, the HSV is

the result of the reorganization of the approaching TBL triggered by the positive pressure

gradient of the stagnation area in front of the obstacle leading to a complex separation

and reattachment behavior.

5http://www.efluids.com/efluids/gallery/gallery_pages/HW002/Werle_2.jpg
6https://cloudappreciationsociety.org/gallery/photo/photo-n-2923-x-2/
7http://fmeabj.lecturer.eng.chula.ac.th/FMRL/public_html/
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A systematic description of the phenomenology of the formation processes of a horseshoe

vortex was introduced by Baker [20, 21] for the laminar and the turbulent flow around

smooth cylinders. The investigations were carried out at Reynolds numbers ranging

between 4×103 and 9×104 based on the diameter of the obstacle. A schematic illustration

of the flow in the symmetry plane of the wall-mounted cylinder immersed in a TBL is

depicted in Fig. 2.13 based on the studies by Baker [21]. The picture shows the time-

averaged streamlines revealing the flow pattern of a fully developed horseshoe vortex system

consisting of several vortices and their counter-rotating partners. This characteristic system

is formed due to the separation of the boundary layer from the upstream surface of the

cylinder driven by the positive pressure gradient enforcing the development of vortex 0.

As a consequence the oncoming boundary layer reorganizes. Large parts of the momentum

are transferred to the main vortex 1. Its counter-rotating partner 1’ is generated by

the separation of the boundary layer beneath vortex 1. Depending on the level of the

turbulence intensity of the approaching flow further vortices may arise (vortex 2). Higher

turbulent fluctuations lead to a smaller number of vortices due to increased turbulent

diffusion within the flow prohibiting the stable development of further energetic flow

structures.

1’ 1 02

Figure 2.13: Schematic representation of the time-averaged streamlines revealing the flow pattern
of a horseshoe vortex system in front of a cylinder based on the observations of
Baker [21].

This effect was demonstrated by the research of Dargahi [79] presenting the dependency

between the number of vortices of the HSV and the Reynolds number. Similar to Baker,

the studies comprised a wall-mounted smooth cylinder within a fully developed TBL.

The experiments were carried out at Re numbers between 6.6×103 and 6.5×104. Flow

visualization using hydrogen bubbles in a water channel revealed a complex formation

and merging of vortices in front of the cylinder. Based on these observations a simplified

schematic sequence of the formation process was derived vividly showing the development

process of different vortices. This sequence is illustrated in Fig. 2.14 taken from flow

visualizations at Re = 2×104 and is used to describe qualitatively the dynamic vortex

patterns of a HSV system in the symmetry plane in a highly idealized form:

41



2. Fluid and structure characteristics

����������
����������
����������
����������

����������
����������
����������
����������

����������
����������
����������
����������

�����������
�����������
�����������
�����������

�����������
�����������
�����������
�����������

����������
����������
����������
����������

�����������
�����������
�����������
�����������

�����������
�����������
�����������
�����������

wall

cy
li
n
d
er

v1
v2 v3

4v
v2

1 2 3 4

5 6 7 8

v5 v4

Figure 2.14: Dynamic evolution of a horseshoe vortex system forming a sequence of distinctive
vortices as observed by Dargahi [79].

The boundary layer approaches the obstacle (1) and at the stagnation area the downward

flow separates from the surface of the body (2) forming a small corner vortex V1 rotating

anti-clockwise. The flow at the lower part of the boundary layer reorganizes into a

second vortex V2. Beneath the larger vortex V2 a smaller counter-rotating vortex V3 is

developing (3) out of the separating fluid layers of V2. Due to flow instabilities arising

from the oncoming flow (4) a second larger vortex V4 is forming (5) rotating again in

clockwise direction triggering the development of vortex V5 (6) similar to the case of V3.

At this stage V2 detaches from the ground and becomes a closed vortex. As it convects in

streamwise direction, a decrease in its cross-sectional area occurs since the closed vortex

rapidly stretches around the front side of the body. Moving freely in the flow field, V2

is pushed downward towards the wall as it follows the general recirculation movement.

As a consequence, it is possible that V2 merges with V4 or dissipates elsewhere (7) in

the upstream flow region. This interaction of V2 with the other upstream vortices has

an impact on the rate of the diffusion of the vorticity, especially for the counter-rotating

vortices. Their vorticity is decreased since V2 dissipates into the upstream region causing

the separation of V4 and V5 (8).

Similar to Baker [21], it was also possible for Dargahi [79] to evaluate the topology

by applying the critical-point concept (see Section 2.1.2) based on the time-averaged

streamlines in the symmetry plane and on the wall-bounded flow in the horizontal plane.

The description of the occurring flow patterns and vortex motion are directly visible in

the flow visualization measurements depicted in Fig. 2.15.

In this specific case the patterns occurring in the symmetry plane consist of eight half-saddle

points, denoted as S’, and five distinguishable vortices (individually colored) considered as

foci. An invicid saddle point S appears between the vortices V2 (cyan) and V4 (magenta),

which is located above the wall and not connected to the bed or cylinder wall like the other
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Figure 2.15: Time-averaged topology of the streamline pattern at the front side of a wall-mounted
cylinder visualized by Dargahi [79].

vortices. The horizontal plane shows the characteristic alternating patterns of saddles (S)

and nodes (N). This classification of resulting critical points and vortices is made under

the assumption that all vortices arise at the same time. Generally, this is not the case

since the horseshoe vortex system is highly dynamic and evolves over time exhibiting a

large range of instantaneously forming and dissipating vortical structures.

In general, the main topological and dynamic characteristics of the horseshoe vortex system

can be summarized as follows:

(I) Horseshoe vortex systems are highly dynamic and constantly evolving flow phenomena.

The complexity of unsteady vortices is driven by the separation and reattachment of

the flow at different locations on the surface of the obstacle and on the ground.

(II) The appearing vortices are classified into different types. The larger structures which

are generally located close to the upstream surface of the obstacle are categorized as

main vortices. Furthermore, vortices often form pairwise with one rotating clockwise

while its partner vortex rotates counter-clockwise.

(III) The main vortex typically curls around the obstacle and stretches far out into the

wake forming the eponymous horseshoe pattern. Depending on the amount of large
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vortical structures multiple vortices can wind around the body as visualized in

Fig. 2.12.

(IV) The vorticity and the size of the vortices depend on the oncoming flow conditions.

In flows with high turbulence intensity a lower number of vortices is observed in

the time-averaged flow field. This effect is caused by higher mixing rates having

an impact on the generation of further energetic vortices which cannot form stable

structures.

(V) Closed regions such as separation bubbles do not appear within a HSV type flow

regime.

After the discussion of the upstream flow phenomena, the wake region of a bluff body

subjected to a turbulent flow is presented in the following section.

2.2.3 Wake region of bluff bodies in turbulent boundary layers

Fully three-dimensional obstacles, such as hemispheres, exhibit a complex wake regime

schematically depicted in Fig. 2.16. Main characteristics are the separation of the flow,

the developing shear layer, the recirculation region and the reattachment of the flow to

the ground.
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FLOW
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Figure 2.16: Schematic representation of the wake regime of the hemisphere including the flow
separation, the shear layer development, the recirculation and the flow reattachment.

The development of the wake flow can be described as follows: Above the horseshoe vortex

(HSV) the flow accelerates along the curved surface of the hemisphere. At a characteristic

location the developing flow attached to the surface of the hemisphere separates no longer

withstanding the increasing pressure gradient. The separation occurs along a lateral

line on the surface of the hemisphere triggering the development of a free shear layer

stretching into the wake region. The upper boundary of the shear layer is characterized

by the so-called turbulent/non-turbulent interface (TNTI) separating the free flow and

44



Wall-mounted bluff bodies in turbulent flow

the sheared region as introduced by Corrsin and Kistler [74]. The lower boundary of

the shear layer is related to the so-called recirculation region interface (RRI). It is the

dividing boarder between positive and negative mean velocities and can be described as

the separating line which exhibits a zero streamwise velocity as suggested by Simpson [308].

The size of the recirculation is characterized by the reattachment length LR depending

on multiple flow features such as the location of the separation line. In the following,

these phenomena are discussed focusing on each flow region in order to provide a deeper

insight into the complexity of the flow field in the wake. This approach is used to show

the relationship between each region starting with the flow separation.

2.2.3.1 Flow separation from bluff bodies

The common mechanism of flow separation from a curved surface is schematically presented

in Fig. 2.17.
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Figure 2.17: Separation of the wall-bounded flow from the surface of the hemisphere due to an
adverse pressure gradient leading to reversed flow.

The flow on the surface of the sketched hemisphere is magnified in the vicinity of the

apex to view the details of the occurring flow separation. The flow at the curved surface

remains attached at the locations (1) and (2). In this region the pressure gradient ∂p/∂x

is either negative allowing the flow to accelerate or a weak adverse pressure gradient

occurs which decelerates the flow. The attached flow is developing freely in streamwise

direction indicated by the velocity gradient in wall-normal direction (∂u/∂z)w > 0. At

point (3) the flow separates from the wall. Besides the pressure gradient, the location of

the flow separation depends on the Reynolds numbers and the turbulence intensity, i.e.,

the thickness of the approaching turbulent boundary layer, hallmarking it a characteristic

feature of the flow problem. With increasing Reynolds number and/or turbulence intensity

the separation is located further downstream since the flow persists longer the effect of
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the positive pressure gradient. The variation of the location of the separation depending

on the predominant flow condition is visualized in Fig. 2.17 by the red arrowed region at

point (3). Beyond this region the flow detaches from the surface represented as reversed

flow vectors. The red dashed line is the separating streamline between the positive and

the negative flow direction. For the three-dimensional flow around the hemisphere flow

separation appears along a lateral line as visualized in Fig. 2.18 by surface streamlines.

separation line
TBL

FLOW

Figure 2.18: Location of the separation line on the hemisphere visualized by wall streamlines of
the time-averaged flow.

The location of the separation line is marked in red taking three different view points into

account. At the lower lateral sides of the hemisphere the effects of the horseshoe vortex on

the separation line are visible forming a complex flow pattern. The separation of the flow

from the surface of the bluff body leads to the development of a free shear layer stretching

out in the wake region. Some general aspects of free shear layers and the concrete case of

a wall-mounted hemisphere are discussed in the next section.

2.2.3.2 Shear layer flow, recirculation and reattachment

Shear layer flows are characterized by a significant velocity gradient connected to the

viscous shear stress τij . Considering an incompressible fluid with constant viscosity µ, the

shear stress is generally expressed by

τij = −µ
(
∂ui
∂xj

+
∂uj
∂xi

)

(2.20)

which can also be seen as the rate of deformation that is imposed onto an infinitesimally

small fluid element. Free shear layers typically occur in wakes, jets and mixing layers

related to turbulent flows found in many technical applications. Most engineering appli-
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cations are concerned with flow optimization and thus, shear layers are of fundamental

interest. Strongly sheared flows are often connected to undesired flow separation leading

to performance losses or material fatigue in machinery due to drag forces or unsteady

excitation of deformable parts. Although shear layers have been studied intensely, they

are still the subject of numerous publications and part of the ongoing research. The

fundamental physical mechanisms that contribute to the development of shear layers,

especially in turbulent flows, are highly complex and still not understood completely. Two

basic examples are outlined to present the wide occurrence of free separated shear layers

before turning towards the case of the wall-mounted hemisphere.

First, the common example of a constant fluid jet from a pipe entering an infinitely large

area filled with ambient fluid shown in Fig. 2.19 is presented. This case has a long history

in experimental fluid dynamics especially relevant for wind tunnel setups with open test

sections, see, e.g., [25, 27, 30, 49, 160, 214, 270].

center line

pipe
1 2 3

U∞ = 0

Uc

shear layer

mean velocity

Figure 2.19: Example of a developing free shear layer from a pipe flow.

The fluid in the large area around the jet is assumed to be at rest at a certain distance

from the pipe indicated by U∞ = 0. Directly at the outlet plane of the pipe (1) the

velocity is idealized as a block profile with a constant velocity distribution. When moving

further downstream to position (2) a change of the streamwise velocity profile occurs.

The inert fluid around the pipe interacts with the jet characterized by high shear rates

visualized by the yellow areas. The core velocity Uc around the center line of the jet

remains nearly constant over a long distance. Furthermore, the shear layer thickens with

increasing distance from the outlet of the pipe (3) truncating the initial velocity profile

at the rim. This effect is related to increased turbulent diffusion in the growing shear

layer. A practical example of this type of flow is observed in wind tunnel setups with open

test section. Here, the developing shear layer has a direct impact on the usable space of

the test section. The increasing turbulent mixing of the developing shear layer narrows

the utilizable space of the test section at distances further downstream. This effect will

be discussed in detail when turning towards the experimental setup of the wall-mounted

hemisphere in Section 5.2.

The second well-known example is the flow around a backward-facing step (BFS) as

presented in Fig. 2.20. The flow scenario is experimentally well studied [18, 44, 50, 96,
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(a) Schematic representation of the BFS case.
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vortices

h

(b) Unsteady flow visualization measured by Kostas et al. [178].

Figure 2.20: Flow past a backward-facing step (BFS).

180, 205] and often used as benchmark for numerical simulations [35] because of its clearly

defined boundary conditions. Furthermore, the flow is quasi two-dimensional reducing

the observed flow phenomena to a single cross-section. The BFS case can be described

as follows: The approaching flow is forced to separate at the sharp edge of the step

schematically depicted in Fig. 2.20(a). The developing shear layer stretches into the wake

and thickens with increasing distance from the separation point. This effect was visualized

by Kostas et al. [178] by unsteady particle-image-velocimetry measurements depicted in

Fig. 2.20(b). The upper boundary of the shear layer is defined by the TNTI, which is

the boarder between the outer flow field and the shear layer. Contrary to the pipe flow,

a recirculation region forms behind the step. The recirculation and the shear layer are

separated by the RRI. The size of the recirculation region depends on the Reynolds number

typically based on the free-stream velocity and the height h of the step. Furthermore,

the properties of the approaching flow field have a significant impact on the length of the

recirculation region characterized by the mean reattachment length. Often the oncoming

turbulent boundary layer is characterized by its Reynolds number based on the momentum

thickness. Due to its unique boundary conditions, the BFS case is suitable for parameter

studies to investigate the influence of different inflow conditions and Reynolds numbers on

the resulting flow behavior. The obtained results are highly valuable as reference data for

other geometries such as ramps or three-dimensional flows.

Based on these introducing examples, the shear layer development in the wake of a wall-

mounted hemisphere in a thick turbulent boundary layer is discussed next. Figure 2.21
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Figure 2.21: Unsteady streamwise velocity component u/U∞ around a wall-mounted hemisphere
including a qualitative representation of the instantaneous TNTI and RRI in the
wake measured by particle-image-velocimetry in the symmetry plane.

depicts the unsteady flow of the streamwise velocity component u/U∞ in the wake region

measured by PIV. The boundaries of the TNTI and RRI are qualitatively illustrated to

outline the influence region of the shear layer following the examples made by Stella et

al. [317]. First, the three-dimensional separation of the flow from the hemisphere leads to

a shorter recirculation region including stronger turbulent diffusion in comparison with

quasi two-dimensional flows like the BFS. This was observed by Savory and Toy [289]

showing that an approaching thick turbulent boundary layer has a significant impact

on the growth rate and thickness of the shear layer due to the overall higher turbulent

intensity of the global flow. In this case, the length of the shear layer in the wake of the

hemisphere is shorter in comparison with thin boundary layers. Furthermore, the rates

of turbulent diffusion within the shear layer strongly depend on the turbulence intensity

of the approaching flow. With an increasing turbulence level the shear layer thickens up

at positions closer to the separation line visible in the velocity distribution between the

TNTI and the RRI.

The time-averaged shear layer around the hemisphere is presented in Fig. 2.22 to outline

its three-dimensional shape. The illustration shows the shear layer visualized by the mean

velocity gradient ∂u/∂z (u: streamwise velocity component, z: wall-normal direction)

with the maximum indicated by the red dashed line in the symmetry plane and an

arbitrarily chosen horizontal plane at z/D = 0.45. Both planes are used to illustrate the

three-dimensional character of the separated shear layer summarized as follows:

(I) The properties of the oncoming flow, i.e., Reynolds number, thickness and turbulence

intensity of the boundary layer, have a significant impact on the location of the flow

separation and the turbulent mixing rates in the wake region.

(II) With increasing Reynolds number the separation line shifts towards a location further
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Figure 2.22: Development of the shear layer in the symmetry plane visualized by the velocity
gradient ∂u/∂z of the time-averaged flow based on a large-eddy simulation [380].
Additionally, the horizontal plane illustrates the three-dimensional characteristics of
the shear layer in the wake.

downstream influencing the development of the shear layer in the wake.

(III) Higher turbulence intensities in the global flow field lead to increased turbulent

mixing rates of the shear layer resulting in shorter recirculation regions.

(IV) The flow separating along the three-dimensionally curved surface leads to a rapid

thickening of the shear layer over a relatively short distance compared to other

obstacles like cylinders. This effect is visible in the wake by the resulting area

between the TNTI and the RRI.

(V) The shear layer development influences the reattachment region of the flow in the

wake region. Highly turbulent flows lead to a larger variation of the reattachment

region due to the increased velocity fluctuations.

Directly connected to the shear layer is the development of the recirculation region in the

near wake of the hemisphere. When the separation line is shifted towards the lee side

of the hemisphere, the size of the recirculation area decreases. This is again related to

the Reynolds number and the conditions of the oncoming flow. The three-dimensional

structure of the recirculation area is visualized in Fig. 2.23 by time-averaged streamlines.
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Figure 2.23: Recirculation area in the wake of the hemisphere visualized by time-averaged
streamlines based on a large-eddy simulation [380]. The coloration of the streamlines
is based on the time-averaged streamwise velocity component.

2.2.3.3 Shedding processes

The physical nature of a flow is governed by its unsteady behavior. Thus, the instantaneous

shedding processes occurring in the vicinity of obstacles are of interest in order to examine

their influence on the flow field. The compendium of Eckelmann et al. [104] underlines the

vast research carried out on the flow around curved obstacles such as cylinders in order to

draw conclusions from the complex vortex shedding. A practical example is given by the

early work of Roshko [276] motivated by the characterization of the dynamic wake processes

past bluff bodies. This is a practical engineering problem since certain shedding processes

can cause severe damage to structures. Especially in the case of fluid-structure interaction,

an awareness of the occurring shedding processes is mandatory due to their impact on

deformable structures. This topic will be discussed in more detail in Section 2.4.4. In

the following the different mechanisms of vortex shedding past a hemisphere are briefly

summarized since they are essentially important for the present test case.

Generally, the flow separating from a bluff body triggers different vortex shedding processes.

These processes are closely related to the location and temporal behavior of the occurring

vortices as depicted in Fig. 2.24. The picture presents the pressure fluctuations of the

flow field around a hemisphere by Wood et al. [380]. It is used to describe the complex

mechanisms driving the shedding processes in the wake. At the separation line a Kelvin-

Helmholtz (KH) mechanism triggers an instability of the developing shear layer. The KH

instability causes the roll-up of small-scale vortices rapidly forming from the separated flow.

The high shedding frequencies of these small-scale structures cause the actual instability
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separation

KH instability vortex merging large-scale vortices
shedding of

hairpin vortex

FLOW

Figure 2.24: Kelvin-Helmholtz (KH) mechanism at the separation line triggering an instability of
the developing shear layer visualized by pressure fluctuations in the symmetry plane
(y/D = 0) based on a large-eddy simulation published by Wood et al. [380]. The
small-scale vortices shed at high frequencies that merge to larger structures traveling
downstream. Large coherent vortices, such as hairpin structures, are convected from
the near wake to the far field.

of the shear layer and are closely related to the transition to turbulence as first assumed

by Bloor [40]. Furthermore, the small-scale vortices amplify the instability of the shear

layer which contributes to the production and merging of larger vortical structures. These

large-scale vortices, further on denoted primary vortices, are visible as coherent structures

in the near wake of the hemisphere. They are responsible for the wake instability, where

the primary vortices separate from the recirculation region and travel downstream with

the mean velocity. After leaving the recirculation region the primary vortices break up

into smaller eddies undergoing the energy cascade and finally dissipating completely.
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"von Kármán" shedding

Figure 2.25: Top view of the instantaneous pressure distribution in the wake of the hemisphere
visualized by iso-surfaces based on a large-eddy simulation [380].
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An example of the described shedding process is visualized in Fig. 2.25 by iso-surfaces

of the static pressure in a top view of the hemisphere. Here, the roll-up process of the

shear layer, the merging of larger vortices and the separation of a primary vortex, present

as “von Kármán” type, is observable. The shedding processes of the primary vortices

reveal a highly complex interplay between several clearly distinguishable types. The most

prominently observed large-scale shedding types occurring in the wake of a wall-mounted

hemisphere are schematically depicted in Fig. 2.26. The upper part of the picture shows

a symmetric shedding process from here on denoted “type 1”. The vortical structures

form and detach in a “double-sided” quasi-symmetric manner. These vortices appear as

“arch-type” structures in the three-dimensional flow. Manhart [207, 208] assumed that

this shedding type depends on the small-scale turbulent structures of the oncoming flow

enforcing a symmetric detachment of vortices from the hemisphere.

symmetric (type 1)

quasi-periodic (type 2)z

y

Figure 2.26: Major shedding types observed in the wake flow of a wall-mounted hemisphere in
turbulent flow.

This observation is based on a large-eddy simulation by Manhart [208], where the symmetric

shedding type vanishes on coarser grids leading to the conclusion that the symmetric

flow separation is connected to small-scale turbulence. The second shedding process, i.e.,

“type 2”, shown at the lower part is related to a “von Kármán”-shedding process resulting

in a “single-sided” alternating detachment pattern classically observed in the wake region of

cylinders. Interestingly, the two primary separation types alternate in time, where only one

of both shedding phenomena is present at the same time instant. Furthermore, this shedding

characteristic is observed over a range of Reynolds numbers between 104 < Re < 105.

Usually the large-scale vortices are characterized by their associated Strouhal number. For

the present thesis, St is defined by

St =
f D

U∞
(2.21)
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where f is the characteristic shedding frequency of a designated vortex, D is the diameter

of the hemisphere and U∞ is the free-stream velocity.

Furthermore, there are also relevant small-scale shedding processes at much higher fre-

quencies related to the instability of the developing shear layer. The frequency range of

the shear layer instability has been studied in detail [40, 179, 304, 313, 353] based on the

flow past a cylinder. From the investigations a large span of Re numbers ranging between

103 ≤ Re ≤ 105 is covered and used for the fundamental characterization of the shear layer

instability. The studies of Norberg [240] and Pasad and Williamson [264] summarize the

fundamental findings profoundly. In these experimental investigations the frequency of the

shear layer separation, denoted as fSL, is put into relation to the shedding frequency of

large-scale von Kármán vortices fK typically occurring at Strouhal numbers between 0.15

and 0.22 [39] within a large range of Re. A power law in form:

fSL
fK

= 0.0235 Re0.67 (2.22)

was derived empirically from the measurements by a best-fit methodology. It clearly shows

the non-linear nature between the small-scale events connected to the shear layer and the

large primary vortices. The associated graph to equation (2.22) is given in Fig. 2.27.

Re0.5

0.0235 × Re0.67

Prasad & Williamson (1997)

Norberg (1987)

Bloor (1964)

Okamoto et al. (1981)

Kourta et al. (1987)

Wei & Smith (1986)

Maekawa & Mizuno (1967)

fK ~

Re

fSL

102

101

100

103 104 105

Figure 2.27: Empirical power law suggested by Prasad and Williamson [264] for the shear layer
instability frequency fSL normalized by the von Kármán shedding frequency fK in
the Reynolds number range 103 ≤ Re ≤ 105.

The relationship between both frequencies was originally suggested by Bloor [40] with an

exponent of 0.5. Later, measurements showed a dependency between both frequencies

according to ∼ Re0.7. This was especially the case for Re > 105.

After the summary of the flow field associated with the wall-mounted hemisphere in

turbulent flow, a closer view at the characteristics of membranous deformable structures is

outlined. These are relevant for the investigated FSI case of the flexible hemisphere.
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2.3 Membrane structures

Membrane structures are of increasing interest in many fields of engineering due to their

wide spectrum of application. As outlined in Section 1.1, the present work is mainly

connected to civil engineering, where membrane structures have a growing demand on

modern building components. This can be recognized by the rapidly growing urbanization.

New concepts for the increased space requirements in modern cities are mandatory. Thus,

flexible space utilization is a main objective in urban planning. Meeting these requirements,

membranous structures offer unique properties such as reduced net weight and freely

shapeable surfaces. Furthermore, membrane structures feature a cost-efficient solution and

fast assembly of buildings used in a wide range of permanent or temporal applications.

However, the safe operation of membrane constructions, especially in urban regions with

public traffic, still bares fundamental challenges.

Figure 2.28: Collapsed indoor practice facility of the Dallas Cowboys football team due to a
sudden storm occurred in May 2009 (top view)8.

One of these challenges is the structural response to short, transient and highly dynamic

loads such as wind gusts. The corresponding unsteady wind loads can lead to strong

excitations that may trigger the damage or collapse of the building. A famous example is

the destruction of the training facility of the Dallas Cowboys football team in 2009 shown

in Fig. 2.28. In this case the failure of the structure was caused by an insufficiently long

frame design over-stressed by the dynamic lift and drag forces acting on the membranous

skin. This example shows impressively that an elaborate understanding of pre-stressed or

air-inflated membranous constructions is crucial to avoid serve damage of the structure

and its users.

During the following sections some general aspects of membrane structures and their

application in civil engineering are discussed. Furthermore, the theoretical basis to

8http://media.lehighvalleylive.com/sports_impact/photo/dallas-cowboys-facilityjpg-a7dbef08f8335908.jpg
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describe the deformation of membranes by continuum mechanics is briefly outlined in order

to provide the basic terminology of the underlying structural model of the current work.

2.3.1 General aspects of membranous structures

Mechanical model of a membrane

A membrane structure is ideally considered as a two-dimensional object with negligible

thickness. Similar to the mechanical model of a rope, a membrane does not exhibit bending

stiffness without further treatment. Stiffness can only be gained by tensile forces applied

in the membrane plane as depicted in Fig. 2.29.

p
σyy

σyy

σxxx

y

σxx

Figure 2.29: Balloon under inner pressure p as a common example leading to tensile stress in
the plane of a membrane element.

Here, an inflated balloon is taken as an example of a membrane structure. The skin of

the balloon is considered thin compared to its other expansions. A gauge pressure p is

acting normal to the inner surface of the membranous structure causing the inflation of

the balloon which leads to tensile stresses in the membrane plane. This stress distribution

enables the balloon to resist against outer loads. Thus, membrane structures have to be

pre-stressed to be utilized as construction elements. The pre-stress can either be applied

by pneumatic pressure inside an airtight facility, i.e., air-supported or air-inflated structure,

or stiffened with tension elements such as cables anchored to a fixed surrounding.

Modern membrane structures

Different types of commonly used membrane structures are depicted as schematic repre-

sentations (Fig. 2.30(a)) and examples of actual constructions (Fig. 2.30(b)).

The illustrated membrane structures are usually found in modern architecture. Hypar and

conically shaped membranes are used for filigree tents, pavilions or umbrella constructions.

A combination of both types is common. Furthermore, arch type membranes are considered

for elongated constructions. All three membrane types are clamped with tension elements
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hypar conic arch pneumatic

(a) Schematic examples of different membrane construction types applied in modern civil engineering.

(b) Actual applications of the membrane construction concepts.

Figure 2.30: Concepts of different membrane structures and their applications in civil engineering.
Acknowledgements for the images in (b) from left to right: Hypar tent9, conic tent10,
arch tent (photograph by Matteo Piazza, research center in Venafro, Italy, 1989-
1991)11and membrane type gas holders (GE Power Pvt. Ltd)12.

in a certain configuration. The stiffness of the material is gained by pre-stressing the

structure as depicted in Fig. 2.31.

anticlastic synclastic

Figure 2.31: Different approaches to stiffen a membrane structure. Anticlastic stressing is
connected to tension elements such as cables. Synclastic stressing often corresponds
to air-inflated structures.

An anticlastic curvature of the membrane leads to an optimum stress distribution in the

membrane plane used to appropriately stiffen the overall construction. In contrast to

this method, pneumatically inflated membranes gain their stability from the inner gauge

pressure leading to a synclastic tension of the structure related to its spherical shape.

The design of a membranous structure is the result of a form finding process. It leads to

9https://www.ceasplus.com/media/DSCF2403.jpg
10http://5.imimg.com/data5/UB/CG/MY-30058707/conical-tensile-structure-500x500.jpg
11http://img.archiexpo.com/images_ae/photo-g/55251-4241285.jpg
12http://www.ggepower.com/images/gh1.jpg
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the desired shape of the structure with an optimal stress distribution in the membrane

material. Form finding is more relevant for anticlastic structures since the applied tension

elements and fixing points have a significant impact on the final shape of the construction.

Furthermore, anticlatic structures are often designed to be openly accessible such as tents.

On the contrary, pneumatic structures, such as the investigated hemisphere, feature simple

geometries but have to be sealed and kept under constant pressure to maintain their

stability.

Pneumatic structures

The first large-scale pneumatic structure depicted in Fig. 2.32 was realized by Geiger13

with the U.S. Pavilion at the Expo in Osaka (Japan) in 1970.

Figure 2.32: US Pavilion Expo, Osaka, Japan (1970). Actual building14and initial design sketch15.

Already at this early development stage of pneumatic structures, outer wind loads were

considered as one of the main critical stability factors. The construction was designed

to withstand wind velocities of 125 mph (≈ 201 km/h) typically occurring at a typhoon

event.

Generally, air-pressurized membranes can be categorized in fully and partially air-inflated

structures. The structure shown in Fig. 2.33 is a classical example of the fully air-inflated

type.

Here the whole space within the structure is over-pressurized. The pressurized air inside the

membrane is used to stabilize the complete structure and the inner pressure is consequently

higher than the outer atmospheric pressure. Sealing of the structures is mandatory: Air-

locks prevent deflation and maintain structural integrity. The structure is anchored to the

ground or to a nearby wall. This building type is cost efficient in the manufacturing and

offers easy assembly. An appropriate pressurization unit for ventilation is required. The

usual life span of fully air-inflated structures lies between 20 - 25 years depending on the

13David H. Geiger (1935 – 3rd October 1989): US-American engineer.
14http://4.bp.blogspot.com/-fDd_GhlE7ZI/T-90Ff9tPjI/AAAAAAAADIw/Shx9yrTPCBo/s1600/japon24.jpg
15http://www.columbia.edu/cu/gsapp/BT/DOMES/OSAKA/0489-21.jpg
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Heating and Ventilation

Returning Air
Backup System

Air Lock Entry

3-Layer Membrane Skin

Figure 2.33: Common design of a fully air-inflated structure applied for multiple purposes. Besides
a proper air-lock a main component is the ventilation unit keeping the inflated
structure under constant operation conditions.

main purpose. Advantages and drawbacks of this type of membranous structure are listed

in Table 2.1.

Table 2.1: Advantages and disadvantages of fully air-inflated membrane structures.

Advantages

Easy and fast assembly, dismantling and relocation

Low manufacturing costs compared to other building types

Retrofitable to already existing structures

Wide range of applications

High customization of fabrics (sizes and colors)

Disadvantages

Limited load resistance compared to conventional buildings

Limited insulation connected to used fabrics

Reduced life span compared to solid buildings

Highly sensitive to pressure losses

Constant costs for ventilation, pressurization and power supply

Different to this, partially air-inflated structures are made of inflatable elements such as

beams, that are set under high pressure used as a primary supporting framework. The

pressure of the habitable space inside the building remains at atmospheric level. This

makes the partially air-inflated type easily accessible since there is no further treatment

necessary for the entry of the building. A few examples of this type are shown in Fig. 2.34.

Usually small-scale structures are partially air-inflated while larger pneumatic buildings

are fully inflatable. The present flexible hemisphere can be considered as a fully air-inflated

membranous structure. For the sake of brevity it is addressed as “air-inflated” obstacle in

the rest of this work.
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Figure 2.34: Examples of partially air-inflated structures: (1) Indoor inflatable structure16, (2)
Outdoor tent with inflatable beams17, (3) Honeycomb inflatable igloo18, (4) Air-
inflated cubical tent19.

Membrane materials

Membrane structure incorporate different materials for the applied components. The two

main components of a membranous structure are the envelope material and the anchor

material. The envelope, or actual membrane material, has to be light-weight and of high

tear resistance in order to provide sufficient tensile strength. For this purpose, several

materials are suitable, for example ethylene tetrafluoroethylene (ETFE), polyester, nylon or

fiberglass. The choice of the applied materials depends on the purpose of the membranous

structure. A classification of the commonly used materials is given in Table 2.2.

The anchor material depends on the specific construction and the used envelope materials.

Pneumatic structures are often tided to the ground by steel cables or are positioned by

ballast materials such as concrete blocks or sand bags. A balanced fixing of the structure

to the basis has to be maintained to avoid uneven distribution of snow or wind loads.

2.3.2 Continuum mechanical considerations

The following considerations regarding the continuum mechanics of deformable bodies are

closely related to the works of Altenbach [13], Betten [33], Liu [200] and Slaughter [310]

which are recommended for complementary reading. An introduction to the most important

16http://nebula.wsimg.com/adef928e3a7999dccdfc6b8e2de427f0?AccessKeyId=88BFDFE747CD5527CFDD&disposition=

0&alloworigin=1
17https://www.heimplanet.com/us-shop/media/image/product/1372/lg/mavericks_1.jpg
18https://image.made-in-china.com/202f0j00eGbULESzhwqk/Inflatable-Igloo-Inflatable-Air-Dome-Tent-for-Sale.

jpg
19https://www.tat-airstructures.com/assets/img/gallery/airblox-slider/airblox_offen.jpg
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Table 2.2: Characteristics of different envelope materials used for membrane constructions.

Material Characteristics

ETFE - Excellent corrosion, chemical, electrical and radiation resistance

- Constant loading over a high temperature range possible

- Good insulation properties

- Translucent fabrics

- Relatively long life span (> 20 years)

- Recyclable

Polyester - Mostly used for small-scale structures

- PVC can be applied for coating, high flexibility

Nylon - Coated nylon stronger and more durable than polyester

- More expensive than polyester

Fiberglass - High tensile strength

- Good elastic characteristics

- Long life durability

- Coating of fiberglass fabrics enhances the resistance against higher
temperatures and UV radiation

aspects of the theoretical approach describing the deformation of structures is outlined in

order to provide an overview of the general terminology later applied to the case of the

flexible hemisphere in turbulent flow. The listed equations are given in vector and tensor

notation since both forms have their advantages and complement each other.

2.3.2.1 Configuration and deformation of a body

Continuum mechanics offers the theoretical basis to describe the temporal deformation,

i.e., kinematics, of a body in space. In this context, the so-called “configuration” of a

body is assigned a special role. An elemental step to characterize a deformed body is the

definition of a “reference configuration” Ω0. Basically, the reference configuration is freely

selectable. However, it is common practice to choose the undeformed initial state of a

structure as the reference. All deformed states of a body are afterwards compared to the

undeformed reference in order to characterize the static and/or dynamic behavior of the

examined system. The described relationship is depicted in Fig. 2.35 transferred to the

presently examined hemisphere.

In the present FSI case the undeformed hemisphere serves as the reference configuration

at the time t0 = 0. In this state the geometry of the body is perfectly defined. Material

points Pa, i.e., points representing the physical material of the body, are mapped onto the

structure defined by the corresponding position of the reference vectors a. Furthermore,

an infinitesimal line element da can be defined by two neighboring material points. In this

example the starting point of the line element is denoted Pai . At a time t > 0 the structure
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t0 = 0 t > 0

Ω0 Ω
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Figure 2.35: Reference Ω0 and actual configuration Ω are used to describe the deformation
occurring in the time interval t0 → t. While the body undergoes a deformation
all initially defined material points Pai of the reference configuration are mapped
onto the updated configuration. This process is illustrated by the dashed path lines
representing the temporal change of the position of point Pai to point Pxi and the
associated line element da and dx.

has undergone a deformation. The deformed state is denoted the “actual configuration” Ω.

All material points are now mapped onto the deformed body defined by the corresponding

position vector x in the actual configuration. The associated line element da has changed

to dx at its updated position. Correspondingly, the material point Pai is now represented

by the point Pxi
as it passed along the dashed line (path line) while shifting from the

reference to the actual configuration in the time interval t0 → t.

The changing position of each point from the reference to the actual configuration can be

expressed by the associated displacement vector d:

d = x− a, di = xi − ai (2.23)

which describes the spatial shift a point has made within the time interval ∆t = t− t0.

The deformation of the body between two configurations, i.e., within a time step ∆t,

is generally described by the deformation gradient F, which is the derivative of each

component of the position vector x of the deformed configuration with respect to each

component of the position vector a of the reference configuration. In Euclidean space
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(i, j = 1, 2, 3) the deformation gradient can be formulated as:

F =
∂x

∂a
, Fij =

∂xi
∂aj

=







F11 F12 F13

F21 F22 F23

F31 F32 F33







=










∂x1
∂a1

∂x1
∂a2

∂x1
∂a3

∂x2
∂a1

∂x2
∂a2

∂x2
∂a3

∂x3
∂a1

∂x3
∂a2

∂x3
∂a3










. (2.24)

By slightly reorganizing equation (2.23) to x = a+ d, the deformation gradient yields:

F =
∂ (a+ d)

∂a
=
∂a

∂a
+
∂d

∂a
= I+

∂d

∂a
, Fij = δij +

∂di
∂aj

(2.25)

with I as the identity matrix. The deformation gradient F also represents the relationship

between the line elements da and dx (see Fig. 2.35) between the reference and the actual

configuration:

dx = F da, dxi = Fij daj or da = F−1 dx, dai = F−1
ij dxj (2.26)

The relationship dxi = Fij daj is also called the “push forward” concept as the vector is

pushed forward in time. Analogous to this, the inverse operation dai = F−1
ij dxj is denoted

as “pull back” operation by Bonet and Wood [46]. In order to illustrate the effects of the

deformation gradient, a few important examples of possible kinematics of a body based on

a simplified two-dimensional system are outlined in the following.

Rigid-body movement

Rigid-body movement is a special case of kinematics that has to be treated carefully. A

simplified two-dimensional schematic representation is depicted in Fig. 2.36. Figure 2.36(a)

shows the rigid-body translation of the reference configuration to the actual configuration.

e2

P(x1  , x2)

reference

actual

d2

d1

e1
P(a1  , a2)

0

(a) Rigid body translation.

e2

reference

P(x1 , x2)

actual

ϕ e1
P(a1  , a2)

0

(b) Rigid body rotation.

Figure 2.36: Schematic representation of rigid-body translation and rotation.
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Here, the whole body simply moves translationally from one position to another retaining

its initial shape. This is indicated by the movement of the point P(a1, a2) (reference) to

it actual location at P(x1, x2) denoted by the pure translational displacements d1 and d2.

The new position of the point P can be described by:

(

x1

x2

)

︸ ︷︷ ︸

actual coordinates of P

=

(

1 0

0 1

)

︸ ︷︷ ︸

F

(

a1

a2

)

︸ ︷︷ ︸

reference coordinates of P

+

(

d1

d2

)

︸ ︷︷ ︸

translation

. (2.27)

The corresponding deformation gradient F of a rigid-body translation is equal to the

identity matrix I. Thus, rigid-body displacements do not contribute to the deformation of

a body.

The same is found for the rigid-body rotation sketched in Fig. 2.36(b). In this case the

new position of the point P is determined by the rotation angle ϕ and can be written as:

(

x1

x2

)

=

(

+cos(ϕ) −sin(ϕ)

+sin(ϕ) +cos(ϕ)

)

︸ ︷︷ ︸

F

(

a1

a2

)

. (2.28)

The deformation gradient F only contains information about the rotation of the rigid-body.

It is important to state that rigid body movement does not lead to any strains or stresses

since the initial shape of the body is not affected. Actually occurring deformations are

discussed in the following.

Deformation of a body

The deformation of a body is closely related to strains and stresses occurring in the applied

material. In order to correctly determine the stress-strain state of a deformed structure, it

is necessary to know how much a body is actually deformed or if some changes of the actual

configuration are the result of a rigid-body displacement/rotation. As discussed above,

the deformation gradient F relates to the changes of the body from one configuration to

the other. It contains the complete kinematic information that is needed to describe this

process. This also includes rigid-body movements which do not contribute to any strains

or stresses. Thus, a separation between deformation and rigid-body movement has to be

taken into account in order to determine the stresses and strains correctly. Before tackling

this problem, commonly encountered deformations are shown in Fig. 2.37.

A square element shall represent the reference configuration. The point P(a1, a2) at the

upper right edge is tracked while it changes its location to P(x1, x2) in the deformed

configuration. Figures 2.37(a) - 2.37(c) present basic deformations of a body while

Fig. 2.37(d) is showing a general deformation case. A simple stretching of the body is

sketched in Fig. 2.37(a). The point P is changed by expanding the upper and right boarder
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(a) Stretching of a body.
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(b) Shear of a body with rotation.
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(d) General deformation of a body.

Figure 2.37: Different deformation types: (a)-(c) show special cases of deformations, (d) shows a
general deformation.

of the square body. This movement can be written as:

(

x1

x2

)

=

(

F11 0

0 F22

) (

a1

a2

)

. (2.29)

Here, the shear components F12 and F21 of the deformation gradient are zero leading to a

symmetric matrix F. The elongation of the body only occurs in normal direction.

Deformation due to shear with rotation is shown in Fig. 2.37(b). In this case the point P

is moving in vertical direction since the upper, lower and right boarders of the square are

deformed. This is expressed by:

(

x1

x2

)

=

(

F11 0

F21 F22

) (

a1

a2

)

. (2.30)

In this case F is not a symmetric matrix and the shear component F12 is zero accounting

for the tendency of the body to rotate counter-clockwise.

A pure shear deformation, as depicted in Fig. 2.37(c), has a fully occupied symmetric

deformation gradient. In this special case, the normal components F11 = F22 are equal

(indicated in red) as well as the shear components F12 = F21 (indicated in blue). This is
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given by:

(

x1

x2

)

=

(

F11 F12

F21 F22

)

︸ ︷︷ ︸

symmetry given by F11 = F22 and F12 = F21

(

a1

a2

)

. (2.31)

The symmetry of the matrix states that there is no rotation. Both shear components

induce a rotation in opposite directions resulting in a zero total rotation. The point P is

moving along a diagonal path upwards.

A general deformation case is presented in Fig. 2.37(d). The path of point P follows the

arbitrary deformation state which is characterized by the following deformation gradient:

(

x1

x2

)

=

(

F11 F12

F21 F22

) (

a1

a2

)

. (2.32)

In equation (2.32) all components of the deformation gradient are different. The original

square body of the reference configuration has been stretched and rotated.

This brief introduction has derived the general movement of a body and its deformations

based on the concept of a reference and an actual configuration. The gained quantities

only relate to the change of the material coordinates associated to a body while it moves

through the space. Up to now the deformation had no impact on the actual body since

no material parameters were incorporated. A real structure is always made out of some

kind of material and its degrees of freedom and corresponding deformation behavior will

strongly depend on this characteristics. As mentioned above, a deformed body will always

relate to a corresponding strain and stress distribution which is simply the answer of the

structure to outer loads due to its elastic/plastic characteristics. This important aspect will

be incorporated to the previously outlined kinematics. For this purpose, the next section

focuses on the link between kinematics and the resulting strains and stresses. In particular,

the strains are of relevance in Section 3.2.1 in which the digital-image correlation (DIC)

measurement technique is used to determine the structure deformation is explained in

detail.

2.3.2.2 Strain

Linear strain theory

The deformation of a solid body is often assumed to be small in relation to its other

dimensions causing a small strain ε. A simple uni-axial stretching is then considered by:

ε =
∆l

l0
(2.33)

where l0 is the reference length and ∆l is the incremental elongation (displacement) stating

the actual deformation of the body. This linear one-dimensional strain formulation is
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sketched in Fig. 2.38, often referred to as “engineering strain” or “infinitesimal strain”.

l
l lΔ

reference actual

e1
0

Figure 2.38: Simple linear strain estimation: The uni-axial deformation of a body with the
reference length l0 leads to an expansion in one dimension. The actual stretching
of the body is characterized by the incremental displacement ∆l leading to the
updated length l = l0 +∆l.

For more complex applications the infinitesimal strain is expanded to three dimensions.

The effects of the elongation due to the normal stretching are schematically presented in

Fig. 2.39 for the three-dimensional case.

  

e3

e1
e2

x1 x2 

x3 

a1 

a3 

a2 

d2 d1 

d3 
0 

Figure 2.39: Schematic illustration of the normal engineering strains.

The graph shows the relationship between the reference and actual configuration, which is

a simple positive stretching in all directions denoted by the displacements d1, d2 and d3.

The corresponding normal strains are:

ε11 =
∂d1
∂a1

, ε22 =
∂d2
∂a2

and ε33 =
∂d3
∂a3

. (2.34)

Interestingly, this relationship is not restricted to small displacements as long as the

deformations are related to simple orthonormal stretching. The influence of shear, leading

to shear strains, is another important quantity and calculated by:

εij =
1

2

(
∂ dj
∂ai

+
∂ di
∂aj

)

(2.35)
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Together with the normal strains from equation (2.34) the infinitesimal or “engineering”

strain tensor ε is written in explicit three-dimensional form as:

εij =











∂ d1
∂ a1

1

2

(
∂ d1
∂ a2

+
∂ d2
∂ a1

)
1

2

(
∂ d1
∂ a3

+
∂ d3
∂ a1

)

1

2

(
∂ d1
∂ a2

+
∂ d2
∂ a1

)
∂ d2
∂ a2

1

2

(
∂ d2
∂ a3

+
∂ d3
∂ a2

)

1

2

(
∂ d1
∂ a3

+
∂ d3
∂ a1

)
1

2

(
∂ d2
∂ a3

+
∂ d3
∂ a2

)
∂ d3
∂ a3











. (2.36)

Note that the strain tensor is linear and symmetric. Furthermore, the shear components en-

ter the tensor with a factor of 1/2. This is necessary for a correct coordinate transformation

to different strain tensors. In tensor notation equation (2.36) is given by:

ε =
1

2

(
F+ FT

)
− I, εij =

1

2
(Fij + Fji)− δij . (2.37)

Equation (2.37) is interesting since it formulates the strain values in relation to the

deformation gradient F. In systems that exhibit only small or no rotation, the components

of the strain tensor can be calculated in a straightforward manner. When rigid-body

rotation cannot be predicted or is large (> 5 %), this drawback can be circumvented by

using the higher-order strain tensors as presented in the next paragraph.

Higher-order strain theory

A practical method to avoid the calculation of the rotation is found by the “Green strain

tensor”E defined by:

E =
1

2

(
FT · F− I

)
, Eij =

1

2
(Fij Fji − δij) . (2.38)

The Green strain tensor E formulates the strains by the product of the deformation

gradient and its transpose. Substituting the originally formulated deformation gradient

Fij = δij + ∂di/∂aj (equation (2.25)) into equation (2.38) yields for the three-dimensional

case:

Eij =
1

2

(
∂di
∂aj

+
∂dj
∂ai

+
∂dk
∂ai

∂dk
∂aj

)

. (2.39)

Each component of Eij can be written explicitly in the defined coordinate basis. Thus,

the normal strains are given by:

E11 =
∂d1
∂a1
︸︷︷︸

linear strain

+
1

2

[(
∂d1
∂a1

)2

+

(
∂d2
∂a1

)2

+

(
∂d3
∂a1

)2
]

︸ ︷︷ ︸

second-order terms

(2.40)
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E22 =
∂d2
∂a2

+
1

2

[(
∂d1
∂a2

)2

+

(
∂d2
∂a2

)2

+

(
∂d3
∂a2

)2
]

(2.41)

E33 =
∂d3
∂a3

+
1

2

[(
∂d1
∂a3

)2

+

(
∂d2
∂a3

)2

+

(
∂d3
∂a3

)2
]

(2.42)

and the shear strain components enter the tensor by:

E12 =
1

2

(
∂d1
∂a2

+
∂d2
∂a1

)

︸ ︷︷ ︸

linear shear strain

+
1

2

(
∂d1
∂a1

∂d1
∂a2

+
∂d2
∂a1

∂d2
∂a2

+
∂d3
∂a1

∂d3
∂a2

)

︸ ︷︷ ︸

second-order terms

(2.43)

E13 =
1

2

(
∂d1
∂a3

+
∂d3
∂a1

)

+
1

2

(
∂d1
∂a1

∂d1
∂a3

+
∂d2
∂a1

∂d2
∂a3

+
∂d3
∂a1

∂d3
∂a3

)

(2.44)

E23 =
1

2

(
∂d2
∂a3

+
∂d3
∂a2

)

+
1

2

(
∂d1
∂a2

∂d1
∂a3

+
∂d2
∂a2

∂d2
∂a3

+
∂d3
∂a2

∂d3
∂a3

)

. (2.45)

Since the Green strain tensor E is also a symmetric tensor the missing components are

given by E21 = E12, E32 = E23 and E31 = E13. The Green strain tensor includes the linear

terms of equation (2.36) and furthermore second-order terms. These are relevant when

large non-linear deformations are involved. However, in case of small deformations with

negligible rigid-body rotations the results of both presented strain tensors (equation (2.36)

and (2.39)) are equivalent.

Principal strains

Principal strains are used to evaluate the minimum and maximum strains occurring during

the deformation of a body. These are typically derived by computing the invariants of

a given strain tensor. The problem follows the analogous approach already mentioned

in Section 2.1.2 for the critical point concept. In the following, the three-dimensional

eigenvalue problem is applied to the strain tensor E. The characteristic determinant is

given by:

∣
∣
∣
∣
∣
∣
∣
∣

E11 − λ E12 E13

E21 E22 − λ E23

E31 E32 E33 − λ

∣
∣
∣
∣
∣
∣
∣
∣

= 0 . (2.46)
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Following the rule of Sarrus20 for a 3×3 determinant, the third-order polynomial can be

calculated leading to the generalized expression:

λ3 − I1λ
2 + I2λ+ I3 = 0 . (2.47)

The characteristic polynomial of equation (2.47) contains the three invariants I1, I2 and

I3. Fully written out these read:

I1 = E11 + E22 + E33 = tr|E| (2.48)

I2 =

∣
∣
∣
∣
∣

E11 E12

E21 E22

∣
∣
∣
∣
∣
+

∣
∣
∣
∣
∣

E11 E13

E31 E33

∣
∣
∣
∣
∣
+

∣
∣
∣
∣
∣

E22 E23

E32 E33

∣
∣
∣
∣
∣

(2.49)

I3 =

∣
∣
∣
∣
∣
∣
∣
∣

E11 E12 E13

E21 E22 E23

E31 E32 E33

∣
∣
∣
∣
∣
∣
∣
∣

= det|E| . (2.50)

The invariants are used to determine the eigenvalues λ1,2,3. After solving equation (2.47) the

resulting eigenvalues λ which are equal to the principal strains can be directly transferred

into the principal strain tensor Eλ only containing values along the trace of the matrix:

Eλ =







λ1 0 0

0 λ2 0

0 0 λ3







(2.51)

The maximum shear τmax can be simply evaluated by:

τmax = λmax − λmin (2.52)

The outlined definitions of the reference and the actual configuration as well as the

relationship between deformation and strain are important for the later characterization

of the investigated FSI problem. This involves the properties of the elastic material used

for manufacturing the flexible hemisphere but is also relevant for the utilized Digital-

Image Correlation (DIC) measurements of the three-dimensional deformations of the

structure itself. In the latter case, the formally derived equations of the deformation and

the corresponding strain have to be transferred to the measurement system based on a

correlation approach. This will be discussed in Section 3.2.

To complete this section, the relation between strain and stress is briefly outlined in

20Pierre Frédéric Sarrus (10th March 1798 - 20th November 1861): French mathematician who discovered a systematic
approach for solving a 3 × 3 determinant.)

70



Membrane structures

the next section. Although not directly relevant for the measurements of the flexible

hemisphere, the stresses shall be discussed since they are inseparably connected to the

deformation of the physical object.

2.3.2.3 Stresses

In the physical world structures are made of a certain material such as metal, rubber or

composite materials. When an outer load is applied, the material will deform leading to

strain. Here, the strain characterizes the change in the shape of a body. Typically the

material will resist against outer loads by building up stresses inside the body acting as a

counterpart limiting the deformations. Thus, strains and stresses are always connected

when material bodies are considered. In a simple one-dimensional form this relationship is

reflected by Hooke’s law:

σ = E ε (2.53)

stating a linear behavior between the stress σ and the strain ε. The Young’s modulus E

describes the elastic behavior of a particular material. Not all materials can be considered

as linear elastic such as rubber. However, within a certain range of strains a linearization

is often possible and useful.

In the simplified case of elastic and isotropic material properties, the correlation between

stress and strain can be closed by the parameters of Lamé21:

ξ1 =
ν E

(1 + ν) (1− 2ν)
, ξ2 =

E

2 (1 + ν)
(2.54)

where ν is the Poisson’s ratio of the considered material. Expanding these relations to the

three-dimensional case, the stresses are described by the stress tensor σ formulated by:

σ = ξ1 tr(E) I+ 2 ξ2 E, σij = ξ1

n∑

i=1

Eii δij + 2 ξ2 Eij . (2.55)

This formulation is denoted the generalized form of Hooke’s law. Furthermore, the stress

tensor can be split up into the strain tensor E and the fourth rank stiffness tensor C:

σ = C : E, σij = CijklEkl (2.56)

In general, the stiffness tensor C contains 81 components (3×3×3×3). However, the

assumption of an isotropic material considering small and linear strains leads to a drastic

21Gabriel Lamé (22th July 1795 – 1st May 1870): French mathematician and physicist with fundamental contributions
to partial differential equations and mathematical theory of elasticity.
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reduction of the components of C to 36 entities (6×6):

C =















ξ1 + 2 ξ2 ξ1 ξ1 0 0 0

ξ1 ξ1 + 2 ξ2 0 0 0 0

ξ1 ξ1 ξ1 + 2 ξ2 0 0 0

0 0 0 ξ2 0 0

0 0 0 0 ξ2 0

0 0 0 0 0 ξ2















. (2.57)

At this point, all theoretically relevant basics necessary to describe the deformations of a

membranous structure are outlined.

The next section summarizes the relations of an elastic body excited by a fluid flow leading

to fluid-structure interaction. This includes the presentation of the common phenomena

and the connected terminology in order to provide the fundamental concepts used in the

later chapters of this thesis.

2.4 Fluid-structure interaction

Fluid-structure interaction generally describes the process of a body that reacts to a fluid

flow and vice versa. The present work focuses on the dynamic processes between highly

flexible structures excited by unsteady fluid loads. For this purpose, an overview of the

common excitation mechanisms is given. This section is structured as follows: First, the

general models of a free and forced damped oscillator are presented including all relevant

parameters that influence its kinematic behavior. This is continued by a brief example of a

fluid oscillator as it is used in the present study. Afterwards, an expansion to flow-induced

loading on oscillating bodies is made with special emphasis on the following FSI excitation

mechanisms defined by Naudascher and Rockwell [228]:

→ Extraneously-induced excitations (EIE)

→ Instability-induced excitations (IIE)

→ Movement-induced excitations (MIE) .

Furthermore, an attempt is made to transfer the generally described excitation types to

the present case of the flexible hemisphere. Finally, the advances in modern FSI and an

outlook towards future applications is given.

2.4.1 Body oscillators

2.4.1.1 Free damped oscillations

Figure 2.40 depicts a free damped oscillator described by the mass m, the stiffness c and

the damping d. In its simplest form an oscillator has one degree of freedom oscillating
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only in x-direction guided along a smooth wall.

c

d

x

m

smooth

Figure 2.40: Model of a single-mass and free damped body oscillator with one degree of freedom.

Generally, an oscillation x(t) can be described by a sinusoidal function:

x(t) = x̂ cos(ω t− γ0) (2.58)

where x̂ is the initial amplitude, ω represents the angular frequency, t is the time and γ0 is

a given phase angle. In most analytic cases the phase angle is set to γ0 = 0. The angular

frequency is expressed by:

ω = 2πf (2.59)

with f the characteristic frequency of the observed system. The kinetic behavior of the

system presented in Fig. 2.40 is given by the equation of motion for free damped oscillators:

m ẍ(t) + d ẋ(t) + c x(t) = 0 . (2.60)

Besides the parameters of mass, damping and stiffness the time derivatives ẍ(t) and ẋ(t) as

well as the time-dependent displacement x(t) are present. Often the mass and the stiffness

of a system are known. A more challenging part is the determination of the damping

characteristics. Usually damping is connected to the dissipation of energy in a system.

Thus, the oscillating movement decays when damping is present until the body returns to

it static position. This characteristic behavior of a free damped system can be described

by the exponential decay function and its derivatives:

x(t) = x̂ e−λ t (2.61)

ẋ(t) = −λ x̂ e−λ t (2.62)

ẍ(t) = λ2 x̂ e−λ t (2.63)

Equations (2.61) to (2.63) are substituted into equation (2.60). After a few rearranging
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steps the equation of motion can be expressed by:

λ2 − d

m
λ+

c

m
= 0 . (2.64)

Solving equation (2.64) yields:

λ1,2 =
d

2m
±

√
(

d

2m

)2

− c

m
. (2.65)

Here, d/(2m) = δ and c/m = ω2
0, where δ is the decay constant and ω0 is the angular

frequency of the undamped system depending solely on the mass and stiffness. Substituted

into equation (2.65), it reads:

λ1,2 = δ ±
√

δ2 − ω2
0 . (2.66)

The decay constant δ is also expressed by:

δ = b ω0 (2.67)

where b is Lehr’s damping rate. Substituting equation (2.67) into equation (2.66) leads to

the following expression for the characteristic eigenvalues λ1,2:

λ1,2 = ω0

(

b±
√
b2 − 1

)

. (2.68)

Considering these eigenvalues in the initial in equation (2.61), the oscillating system is

described by:

x(t) = x̂ e−λt = x̂ e−[ω0(b±
√
b2−1)]t (2.69)

Depending on the value of b the eigenvalues can follow three basic cases:

b > 1: There exist two real eigenvalues with different values.

b = 1: There exists one real eigenvalue.

b < 1: There exist two conjugate complex solutions for the eigenvalues.

The exponential decay characteristics of equation (2.69) are used to expand the sinusoidal

function of equation (2.58) to receive the equation of a decaying oscillation (assuming that

the phase angle γ0 = 0) is given by:

x(t) = x̂
︸︷︷︸

amplitude

e−[ω0(b±
√
b2−1)]t

︸ ︷︷ ︸

exp. decay function

cos(ωt)
︸ ︷︷ ︸

free oscillation

. (2.70)

Four relevant cases derived from equation (2.70) are depicted in Fig. 2.41: A system
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without damping (b = 0, Fig. 2.41(a)) will remain in an oscillating state with a constant

amplitude due to the absence of dissipation. Positive damping is connected to a stable

(converging) system that returns to its original position. Here, a damping in the range

0 ≤ b ≤ 1 corresponds to an under-damped system presented in Fig. 2.41(b). The boarder

between under-damped and over-damped system is at b = 1 defining the aperiodic or

critical case, where no oscillation is present but the system shows the fastest exponential

decay of motion (see Fig. 2.41(c)). Values b > 1 are describing an over-damped system

sketched in Fig. 2.41(d).
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(d) b = 5.

Figure 2.41: Four cases of damped systems: Undamped, under-damped, critically damped and
over-damped.

When the damping characteristics of a system are unknown, an experimental determination

is often necessary. In the case of an under-damped system this can be achieved by

determination of the so-called “logarithmic decrement” Λ. It refers to the decay of two

successive amplitudes:

x̂(t)i+1 = x̂(t)i e
−δ Td (2.71)

within the damped period Td = 1/fd including the characteristic frequency fd of the

damped system. The amplitudes are set into relation by:

x̂(t)i
x̂(t)i+1

= eδ Td = C . (2.72)

The ratio between two successive amplitudes will take a constant value C. In many practical

applications involving slightly damped systems the measured ratios of two succeeding

amplitudes may lead to a larger measurement error depending on the precision of the

applied equipment. Often, it is more feasible to set amplitudes into relation which are

farther apart of each other in order to minimize the measurement error. This is possible

since the ratio can be expanded to:

x̂(t)i
x̂(t)i+n

= Cn (2.73)

where n is the number of periods between two measured peaks. Solving equation (2.73)
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leads to the logarithmic decrement:

Λ =
1

n
ln

(
x̂(t)i
x̂(t)i+n

)

= δ Td = b ω0 Td (2.74)

and finally to Lehr’s damping rate:

b =
Λ

ω0 Td
≈ Λ

ωd Td
=

Λ

2π
(2.75)

For under-damped systems with weak damping an estimation of the undamped angular

frequency can be assumed by ω0 ≈ ωd = 2π fd along with Td = 1/fd.

2.4.1.2 Forced damped oscillations

A forced damped system is depicted in Fig. 2.42, where a periodic force F (t) = F̂ cos(Ω t)

is acting as a source with the amplitude F̂ and the excitation frequency Ω on the system.

F(t)=F cos(Ωt)^

x
c

d
smooth

m

Figure 2.42: Model of a single-mass body oscillator with a forced vibration.

The additional extraneous excitation source is considered on the right side of the equation

of motion:

mẍ(t) + d ẋ(t) + c x(t) = F (t) = F̂ cos(Ω t) (2.76)

which can also be brought into the following form:

ẍ+ 2d ω0 ẋ+ ω2
0 x =

F̂

m
cos(Ω t) . (2.77)

Equation (2.77) is an ordinary inhomogeneous differential equation with constant coeffi-

cients. Thus, it consists of a homogeneous and a particular solution:

x(t) = x(t)hom + x(t)part . (2.78)

The homogeneous part x(t)hom has already been presented and corresponds to the free

damped system. Analogous to this, the particular part can be derived by using a similar

approach. First, the complex derivatives of equation (2.77) are determined by:

x(t)part = x̂ ei(Ω t−γ) (2.79)
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ẋ(t)part = i Ωx̂ ei(Ω t−γ) (2.80)

ẍ(t)part = − Ω2x̂ ei(Ω t−γ) (2.81)

where γ is the phase angle between the excitation source and the answer of the oscillating

system. This can be illustrated by a complex pointer as shown in Fig. 2.43.

Ω

γ

F̂ e
iΩ t

x̂ ei(Ωt−γ)

im
a

g
in

a
ry

real

answer

excitation

Figure 2.43: Dependency between the excitation source and the dynamic answer of the oscillating
system characterized by the phase angle γ. Generally, the amplitudes between the
excitation source and the answer of the system do not coincide especially at the
beginning or a change in the excitation characteristics.

The answer of the system x̂ ei(Ωt−γ) (blue circle) is delayed by γ exhibiting smaller am-

plitudes as the excitation source F̂ eiΩt (red circle). This is a characteristic dynamic

response of a system adapting to a sudden outer influence. Furthermore, an example of

the homogeneous and the particular part as well as the solution of equation (2.78) are

visualized in Fig. 2.44.

Here, the homogeneous part will especially influence the beginning of the oscillation as

the excited system reacts on the excitation depending on the damping rate b and angular

frequency ω0 (here: ω0 = 0.8 Hz, b = 0.1). After a certain settling time the influence

of the homogeneous solution will decrease and the system will overtake the excitation

frequency Ω (here: Ω = 0.16 Hz). Substituting equations (2.79) to (2.81) into the initial

equation of motion yields:

x̂
(
ω2
0 − Ω2

)

︸ ︷︷ ︸

real part

+ i x̂ 2b ω0 Ω
︸ ︷︷ ︸

imaginary part

=
F̂

m
eiγ =

F̂

m
[cos(γ) + i sin(γ)] . (2.82)

The resulting real and imaginary parts are illustrated as a complex diagram in Fig. 2.45(a).

The magnitude of the complex pointer F̂ /m can be formulated as:
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Figure 2.44: Homogeneous and particular solution of x(t) for a forced damped oscillation with
angular frequency ω0 and the excitation frequency Ω of the source.
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(

F̂

m

)2

= x̂2
(
ω2
0 − Ω2

)2
+ (x̂ 2b ω0 Ω)

2 (2.83)

only containing a real solution. By introducing the ratio between the excitation frequency

of the forced oscillation and angular frequency of the undamped system:

η =
Ω

ω0

(2.84)
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the so-called “magnification factor” can be derived:

x̂ =
F̂

m

1
√

(1− η2)2 + 4b2η2
. (2.85)

The magnification factor is used to investigate the damping rate b of a forced oscillation

system. A few examples of the influence of b are depicted in Fig. 2.45(b). The amplitude

is given by the normalized amplitude x̂/(F̂ /k) with k = mω2
0. In case of an undamped

system (b ≈ 0) the amplitude of the magnification factor points towards infinity at about

η ≈ 1. This is connected to the resonance of the observed system. As the excitation

frequency η approaches the eigenfrequency ω0 the denominator of equation (2.85) tends

towards zero at about Ω ≈ ω0. An under-damped system will decrease the maximum to

finite values and furthermore leads to a shift of the maximum amplitude towards smaller

values of η. Critically damped and over-damped systems exhibit no maximum.

The phase angle γ of a system is easily determinable when the excitation/answer-behavior

of the system is known. If this is not the case, a defined excitation can be used to measure

the answer of the particular system. The phase angle is then obtained by comparing the

phase shift between both signals.

Besides body oscillators there also exist fluid oscillators. Although not significantly

important for the present FSI case, an example of a fluid oscillator with some relevance to

the present study is outlined next.

2.4.2 Fluid oscillators

Besides vibrating structures, the surrounding fluid can also act as an oscillator. A commonly

known example of a fluid oscillator is the Helmholtz resonator which is widely used in

acoustic applications ranging from musical instruments to absorbers for acoustic rooms. In

case of the investigated flexible hemisphere the effects of most fluid oscillators are negligible

since there are no geometrically attracting boundary conditions, such as cavities or holes,

to trigger a resonating effect. However, one example is presented in Fig. 2.46, which is

used in an experimental setup outlined in Section 6.6.2.3 as a validation tool to determine

the dynamic characteristics of the flexible structure.

For this purpose, a loudspeaker is applied to excite the fluid oscillator. A signal generator

is hooked to the speaker. The amplified loudspeaker generates periodic acoustic waves

exciting the flexible structure. The ratio between the input signal of the generator and

the dynamic response of the structure can be used to determine structural damping

characteristics and the natural frequencies. In this case the fluid oscillator acts as an

extraneous excitation source for the membranous structure.

The next section addresses the common excitation mechanisms relevant for fluid-structure

interactions.

79



2. Fluid and structure characteristics

acoustic waves

signal generator

response of

flexible structure

excited flexible structure

loudspeaker

fluid inside hemisphere

Figure 2.46: Setup of a fluid oscillator consisting of a loudspeaker used as excitation source. The
flexible structure is excited by acoustic waves. The ratio between the input signal
and the response of the flexible structure can be utilized to characterize dynamic
parameters of the structure such as damping and natural frequencies. This type of
fluid oscillator corresponds to an extraneously-induced excitation.

2.4.3 Flow-induced loading on flexible structures

In the previous section the source of the forced oscillation was given by the periodic force

F (t) = F̂ cos(Ω t). When a fluid load is acting on a body, the exciting force F (t) can be

split up into a stationary average F and a fluctuating part F ′(t) as follows:

F (t) = F + F ′(t) . (2.86)

In fluid mechanical applications the average force corresponds to the mean fluid dynamic

load. An elaborate chart presented in Fig. 2.47 distinguishing different excitation mecha-

nisms was suggested by Naudascher and Rockwell [228]. A body oscillator is submerged

into a flow field. Several interaction cases between the fluid and the body are distinguished.

All relevant possibilities are discussed from left to right.

A fluid load is acting on a stationary body experiencing an average displacement of

x = 0. The fluctuating part can originate from different sources: Typically a turbulent

boundary layer flow acts as an extraneous force on the body which is independent from

the displacements x(t) of the body. This excitation form is considered as extraneous

induced excitation (EIE) and fits best to the model of a forced oscillation as presented in

Section 2.4.1.2. If an instability of the flow occurs due to the presence of the body, such as

vortex formation and shedding processes, the fluctuations depend on the displacements x(t).

These instabilities cause vibrations of the structure, which can lead to a self-oscillating

excitation cycle. This is referred to as instability-induced excitation (IIE).

The right side of the chart considers a movement-induced force in a stagnant fluid (u = 0).

The fluid force results from the movement of the body. Usually, the surrounding fluid acts

as a damping force on the structure. However, a critical point is reached when the velocity

of the structure excitation ẋ(t) is in-phase with the fluid force F (t). In this case the fluid

force and the velocity component of the structure point in same direction leading to a

self-excited instable system referred to as movement-induced excitation (MIE). In this
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Figure 2.47: Schematic representation of a body oscillator excited by a surrounding flow as
presented by Naudascher and Rockwell [228].

particular case the fluid is transferring energy to the moving structure. This phenomenon

is often referred to as “negative damping”. A common example of a MIE is the flutter of

an airfoil at a specific wind velocity, where the flow transfers energy to the flapping and

pitching movement of the structure with rapidly increasing amplitudes.

The succeeding section discusses the expected FSI phenomena with regard to each of the

excitation types briefly mentioned above. A more detailed explanation shall provide a

deeper insight which will be picked up in the later discussions of the measurements.

2.4.4 FSI excitations in case of the flexible hemisphere

The three discussed excitation characteristics (EIE, IIE and MIE) are now transferred to

the flexible hemisphere. These are sketched in Fig. 2.48 and discussed from left to right.

The oncoming turbulent boundary layer causes extraneously-induced excitations (EIE)

resulting from small turbulent vortices interacting with the structure. These lead to

vibrations that are independent of the unsteady displacements x(t). On the other hand,

an instability-induced excitation (IIE) is occurring due to the constantly forming and
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U∞ U∞
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vortex shedding dynamic 

instability

EIE IIE MIE

Figure 2.48: Examples of the different excitation types that may occur during the fluid-structure
interaction between the oncoming boundary layer and the hemisphere.

shedding vortices at the separation line and in the wake of the hemisphere. At certain

flow situations a movement-induced excitation (MIE) might occur triggered by negative

damping or other mechanisms.

In the following each FSI excitation type is described in more detail for the flexible

hemisphere in turbulent flow.

2.4.4.1 Extraneously-induced excitations (EIE)

Extraneously-induced excitations are linked to an outer source which is not directly

connected to the observed system. The most common EIE sources are:

• turbulence

• waves and periodically fluctuating flows

• vibrations caused by machines

In the present case the main EIE source is turbulence of the oncoming TBL. The mechanism

behind this effect is schematically presented in Fig. 2.49.

The oncoming turbulent boundary layer can be split into an average velocity u(z) only de-

pending on the height z and a fluctuating part u′(z, t). The mean velocity u(z) corresponds

to a mean fluid force F which results in a mean displacement x of the flexible structure.

Imagine a larger eddy from the TBL approaching the structure. At the point of impact a

strong fluctuating force F ′(t) will act on the flexible structure leading to an oscillating

movement of the structure x′(t). In case of turbulence, eddies in a large range of different

sizes are found in the TBL continuously impacting the structure. This excitation source

is generated in the upstream region of the flow field and completely independent of the

presence or movement of the structure. When the turbulence intensity of the oncoming

flow increases, the dynamic response of the structure will also change. At significantly high

turbulence levels this can trigger a movement-induced excitation which will be described

later.
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Figure 2.49: Turbulent fluctuations are one source of extraneously-induced excitations (EIE).
The simplified view of the mechanism is as follows: An energetic eddy collides with
the flexible structure which is idealized by the model of a simple body oscillator
(lower left). The impacting eddy is visible as superimposed fluctuation F ′(t) on the
mean force F (graph on the lower right). The force F (t) = F + F ′(t) leads to a
mean deflection x of the structure with an additional oscillating displacement x′(t)
caused by the turbulent fluctuations.

2.4.4.2 Instability-induced excitations (IIE)

Instability-induced excitations usually appear in connection with the following flow phe-

nomena:

• vortex formation and vortex shedding

• impinging shear layers (see, e.g., [155, 272, 396, 397])

• biased flow instability (see, e.g., [156, 231, 248])

Especially vortex formation and shedding processes are interesting in the present study.

These occur in the close vicinity of the structure and are especially dominant in the wake

region of a body. The effects of a vortex-induced excitations are depicted in Fig. 2.50.

The flexible hemisphere is depicted in side and top view. As already outlined in detail in

Section 2.2.3.3, the primary vortices form and shed at the separation line which is related

to the occurring flow instability. At the separation line and in the recirculation region

pressure fluctuations are acting on the structure since the flow permanently detaches. This

causes an excitation of the structure linked to the shedding frequency of the dominant

vortices. The separated vortices trigger structural waves traveling from the location of

separation towards the ground. Especially the wake experiences strong excitations since

the recirculating fluid also contributes to the structural movement. The front of the
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Figure 2.50: Formation and shedding of vortices cause an instability-induced excitation (IIE).
The instability occurs at the separation line starting with a Kelvin-Helmholtz
instability triggering the roll-up of large energetic vortices. The separation results
in vortex-induced vibrations visible as wave-like excitations of the flexible structure
traveling from the separation line to the ground. Spanwise vortex separations cause
lateral oscillations of the structure.

hemisphere is dominated by the accelerating fluid leading to a larger mean deflection in

the region of the apex due to the suction effect.

Another interesting FSI effect occurs when the frequency f0 of the flow-instability, i.e.,

the vortex shedding frequency, approaches a natural frequency fn of the structure (body

oscillator). In this case a lock-in effect may appear, where the frequency of the flow-

instability and the dominating oscillator are in phase. This leads to an amplification of

the flow-induced forces aligned with an increased organization of the flow patterns. These

effects are well studied for elastic cylinders (see, e.g., [28, 66, 98, 108, 145, 227, 287]),

where the separating vortices induce a strong oscillating movement of the structure. The

amplitudes of the structural movement increase significantly when the frequency of the

flow separation approaches the natural frequency of the structure. After a lock-in state is

reached, it often remains stable within a certain velocity range. When increasing the free-

stream velocity a sudden change to the next natural frequency with a corresponding vortex

shedding is observed. To characterize this lock-in phenomenon, the so-called “reduced

velocity” is used defined by:

ur =
U∞
fnD

. (2.87)

This non-dimensional parameter is often used in relation to the natural frequencies fn of

the observed body oscillator in order to detect a lock-in effect. During the lock-in state

84



Fluid-structure interaction

the vortex shedding frequency f0 and the natural frequency fn of the body collapse into a

synchronized oscillation:

ur =
U∞
fnD

≈ U∞
f0D

≈ 1

St
. (2.88)

Instability-induced excitations are highly correlated to the dynamic response which they

induce. Thus, this type of excitation is not considered as a forced oscillation such as the

EIE, since it only occurs under certain flow conditions strongly depending on the dynamic

properties of the excited structure.

2.4.4.3 Movement-induced excitations (MIE)

In the preceding sections the impact of extraneously and instability-induced excitations

was explained on the basis of the present case of an air-inflated flexible hemisphere. This

was done in a straightforward manner since the driving phenomena are either independent

of the examined obstacle (EIE) or can be directly linked to a specific flow feature, i.e., the

shedding vortices. More challenging is the detection of a movement-induced excitation

(MIE) especially for the case of highly flexible materials such as membranes with several

degrees of freedom. Considering the complexity of the current study, an attempt is made

to narrow the possible types of movement-induced excitations regarding the air-inflated

hemisphere. The most likely appearing movement-induced excitations are:

• wake breathing [211, 227, 235, 286]

• mode coupling [91–95]

In the following, the difficulties and the limited tranferability of the listed excitation

types to the present study is discussed. In many cases a strict separation of a single MIE

mechanism is not possible and a strong mixing of several phenomena is observed. However,

the possible excitation sources shall be presented to gather an overview of the complex

topic of MIE.

Wake breathing

First, the so-called “wake breathing” introduced by Sarpkaya [286] and later studied by

Naudascher [227] and Nishihara et al. [235] is discussed. For this MIE type, the body

has to be able to move in streamwise direction. Two possible cases are distinguished:

The first is strongly connected to rounded bodies which are submerged to a flow at the

critical Reynolds number, where a successive change between laminar and turbulent flow

conditions is present. This constantly occurring alteration between both flow regimes

(laminar/turbulent) leads to an alternating separation of the flow from the body which

has an impact on the wake characteristics. In the laminar flow the wake tends to broaden,

whereas the turbulent regime narrows the size of the wake. This alternating pattern is

observable as “breathing wake”. However, this flow phenomenon occurs at a very narrow

85



2. Fluid and structure characteristics

band of Reynolds numbers. A study by Martin et al. [211] compared this flow phenomenon

with the so-called “galloping” effect [26, 42, 43, 209, 210, 226, 241, 242, 252, 351].

The second MIE type connected to “wake breathing” is not restricted to bluff bodies or a

specific Reynolds number. In this case the added mass of the flow is acting on the body. If

the motion of the body (ẋ > 0) is aligned with the streamwise flow, the relative streamwise

velocity urel of the flow in the vicinity of the body is reduced by:

urel = U∞ − ẋ , (2.89)

where U∞ is the streamwise free-stream velocity. This reduced velocity has a direct

influence on the flow separation from the body since the unsteady flow pattern changes as

depicted in Fig. 2.51.
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..
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Figure 2.51: Illustration of “wake breathing”MIE excitation. The moving body influences the
separation of the shear layer. This alters the pressure distribution on the surface
and leads to a cycling excitation pattern.

At the maximum velocity of the displacement ẋ the moving body pushes the separating

shear layer outward causing a widening of the wake. When the movement is reversed, the

relative velocity will increase. This will lead to a delayed separation of the shear layer

since the body accelerates against the streamwise flow (ẋ < 0). As a result the wake

is attenuated. The unsteady fluid forces acting on the body are related to the global

pressure distribution on the surface of the obstacle. A constantly changing wake region

with corresponding forces augments this movement cycle. As mentioned early, the effects of

“wake breathing” are hard if not impossible to distinguish from excitations caused by vortex

shedding. Thus, a strong intermixing between both types, IIE and MIE, are typically the

consequence.

Mode coupling

The most probable type of MIE to occur for the flexible hemisphere is “mode coupling”.

A typical example of mode coupling is airfoil flutter. A simplified airfoil has two degrees

of freedom, in transverse direction and torsional rotation. At a critical flow velocity

the fluid forces around the airfoil will no longer stabilize the structure. Similar to

“galloping” [26, 42, 43, 209, 210, 226, 241, 242, 252, 351] the fluid forces will transfer

energy to the airfoil since fluid force and structural velocity are in-phase. At this point

the system is unstable, i.e., self-exciting, since energy is transferred from the flow to
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the pitch and torsional mode that eventually merge to a single movement pattern. A

similar mechanism may occur in case of the hemisphere depicted in Fig. 2.52. At a certain

flow velocity the fluid forces transfer energy to certain structural modes. This effect is

considered as negative damping. The structure excitations are not connected to certain

flow patterns such as vortex shedding anymore. Instead, the kinetic energy of the fluid

forces feed a self-exciting system that follows its modal characteristics.

FLOW

energy transfer

dynamic response

(negative damping)

Figure 2.52: In case of negative damping the flow is transferring energy to the structure causing a
positive energy budget. The flexible structure excites with rapidly growing amplitude
often connected to one or more structural eigenmodes. The energy from the flow is
feeding this self-exciting system classified as “mode coupling”.

There are some general aspects that have to be addressed about the detection of clearly

separated MIE mechanisms for the present case in contrast to earlier studies. Most

classifications of the MIE type are based on elastically supported but still rigid bodies.

Furthermore, the investigated bodies were subjected to free flows like airfoils and cylinders.

These are the major differences compared to the present study of a wall-mounted (semi-

confined) highly flexible membranous hemisphere in a turbulent flow. Some of the challenges

concerning MIE detection are:

• The highly flexible membranous structure leads to constantly updated flow patterns.

This mechanism may naturally suppress a stable forming of a MIE type excitation

in a wide range of velocities.

• The fully three-dimensional characteristics make it hard to distinguish between

different excitation types. Complex vortex shedding may be misinterpreted as MIE

mechanism.

• Due to the various degrees of freedom the hemisphere is not likely to be excited

in one or two major modes alone, as for example in case of airfoil flutter. As a

consequence of the highly flexible structure a superposition of many structural modes

is possible similar to the case of panel flutter [91–95].

• Mode coupling seems the most probable MIE type of the flexible hemisphere although

a merging of two or more neighboring modes to a single movement pattern is unlikely

to appear due to the different modal shapes of the hemisphere.
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• The turbulent boundary layer may also contribute to a stabilizing characteristic. A

strong mixing of the shear layer will decrease the effects of “wake breathing” and

galloping.

• At higher Reynolds numbers the occurring larger vortices are less coherent due to

the presence of many different length scales interfering with each other. This may

also lead to a stabilizing effect prohibiting the possibility of in-phase effects.

• The fixed boundary conditions of the structure at the ground prevent an unlimited

increase of the structural amplitude.

After the discussion of the common excitation mechanisms, an overview of the current

developments in modern FSI investigations is presented. A brief summary of the recent

advances in FSI shall help to outline the origin of the current work and furthermore to

link its relevance to future research.

2.4.5 Modern advances in FSI studies

2.4.5.1 FSI benchmarks

Multi-physical approaches such as fluid-structure interaction have become more feasible

with the rapid increase of computational resources over the last two decades. Aligned to

this, the experimental measurement techniques, such as particle-image-velocimetry, took

a large step forward in order to provide the necessary data for demanding experimental-

numerical validation studies. At the beginning of this technical development the desire for

FSI studies on simple geometries advanced focusing on the flow past flexible cylinders as

elaborately reviewed by Sarpkaya [287]. This is obviously linked to the long experience

and large data base of the flow past rigid cylinders, where the occurring flow phenomena

are well examined and a classification of the FSI effects has been established. Furthermore,

these structures are present in various engineering applications, ranging from heat exchange

tubes of power plants [29, 38, 253, 254, 352], industrial chimneys [177, 181, 255, 343],

long power cables or load elements of suspension bridges [61, 62, 109, 134, 281]. Most

investigations are concerned with the oscillating characteristics of elastics cylinders with

an undeformable cross-section submerged into a fluid.

The mentioned cases do not consider higher-order flexibility of the structure itself, i.e.,

non-linear large deformations. This challenging part of FSI was recently addressed to

move towards more complex and realistic scenarios especially relevant in civil engineering.

The first step led to the development of meaningful FSI benchmarks for highly flexible

structures undergoing large non-linear deformations.

A first proposal of several numerical benchmarks for FSI simulations followed. Several

benchmarks were developed by Turek and Hron [339] entitled “FSI1”, “FSI2” and “FSI3”.

Especially FSI3 has become a standard case to validate the performance of numerical

FSI codes. This test case comprises a rigid cylinder with a flexible plate attached on its

lee side. The configuration is submerged into a two-dimensional laminar channel flow at
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Re = 200 based on the diameter of the cylinder. The separating flow from the surface of

the rigid cylinder excites the flexible structure due to the periodically shedding vortices

according to an IIE. This benchmark was repeated by several other studies. The results

were summarized and compared by Turek et al. [340]. On the basis of FSI3, severally

enhanced version were developed. An overview of just a few variations is depicted in

Fig. 2.53 including the geometrical and material parameters given in Table 2.3.
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Figure 2.53: Examples of commonly conducted FSI benchmarks and test cases of a fully rigid
(Hübner case, FSI3, FSI-PfS-1a, FSI-PfS-2a) and rotatable rigid cylinder (F2M.CH)
with a flexible plate on its lee side as well as a rotating rigid plate.

Table 2.3: Geometrical and material parameters of the presented FSI cases.

Test Case Geometry [mm] Material

l r t a Cylinder Plate Weight

Hübner case [48, 152] 40 – 0.6 10 – – –

FSI3 [51, 339, 340] 350 50 20 – – – –

F2M.CH [126, 129] 50 11 0.04, 4 10 metal metal metal

Rotating Plate [128, 225] 64 – 2 20 – fiber –

FSI-PfS-1a [85] 60 11 2 – metal EPDM rubber –

FSI-PfS-2a [83, 162] 50 11 2 10 metal para rubber metal

The two-dimensional approach was furthermore extended to three dimensions and moreover

tested in profound experimental [53, 126–128, 162], numerical [51, 83, 225] and comple-

mentary experimental-numerical [85, 130, 131, 161] studies including complex turbulent

flow settings exemplarily shown in Fig. 2.54. Figure 2.54(a) depicts the results gained
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(a) Flow field visualization of the laminar case (Re = 200) as originally proposed by Turek and
Hron [339]. Results taken from Breuer et al. [51].

(b) Flow field visualization of the enhanced three-dimensional turbulent case as conducted by
Breuer et al. [51] based on large-eddy simulation in connection with a specialized finite-element
solver at Re = 10, 000.

Figure 2.54: Original configuration of the benchmark FSI3 and the enhanced version in three-
dimensional turbulent flow.

by Breuer et al. [51] for the two-dimensional benchmark FSI3 as suggested by Turek and

Hron [339]. The results were found to be in very good agreement compared with the

reference. After the numerical code was validated, the Reynolds number was increased

to 10,000 to reach a fully turbulent regime presented in Fig. 2.54(b). Furthermore, the

computational domain was extended to a three-dimensional setup. In order to correctly

resolve the turbulent structures the large-eddy simulation technique was applied. In

later studies [85, 126, 130, 161] (F2M.CH, FSI-PfS-1a and FSI-PfS-2a) the oscillating

characteristics of the flexible plate were analyzed in detail. In these studies the dominant

FSI mechanisms (IIE, MIE) could be linked to the geometrical setup [83, 128] of each case.

Elaborate experimental data were found to be in very good agreement with the results of

the numerical studies.

The success of the presented benchmarks led to the conclusion to move on to more

application-based problems to explore the efficiency of the established numerical FSI

framework. The chosen approach is outlined in the last section of this chapter focusing

on the challenges of future FSI projects with emphasis on thin membranous structures in

turbulent flow.
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2.4.5.2 Towards realistic FSI applications

The accessible literature on more complex FSI phenomena, especially for fully elastic

three-dimensional structures is limited. Considering thin-walled membranous structures

the number of parameters of the FSI problem increases significantly. The occurring

deformations of membranous structures are characterized by an interplay of large global

and smaller local deformations closely related to the flow field. A practical example is a

flag in the wind as presented in Fig. 2.55, where fluid loads lead to large displacements

and a very complex deformation topology.

local patterns

global deformation

Figure 2.55: Complex local and global three-dimensional deformations of a highly flexible mem-
brane in turbulent flow conditions based on the example of a flag in the wind.

Interesting about this case is the low strain occurring in the membrane plane in connection

with large non-linear displacements. This is a typical structural behavior of membranes

which are not excessively pre-stressed.

In order to examine the FSI characteristics of membrane structures a collaboration

between the Department of Fluid Mechanics (PfS) of the Helmut-Schmidt University

Hamburg and the Chair of Structure Analysis of the Technical University of Munich

(TUM) was formed. A suggestion was made to examine more complex deformations of

flexible membranes based on a rather simple three-dimensional geometry as a preceding

step before turning towards other application-based cases. The geometry of the structure

should be fully three-dimensional but simple enough to enable comprehensive experimental-

numerical investigations aligned with analytic considerations. Out of these requirements,

a wall-mounted flexible hemisphere in a turbulent flow was considered as the basic case.

Fortunately, hemispherically shaped buildings are quite common in civil engineering (see

Fig. 1.2) and thus, a first step towards real applications is done already at this point. This

test case, including the influencing parameters, will be explained in detail in Chapter 4.

The next chapter will focus on the experimental measurement techniques suitable for

fluid-structure interaction and used in the present study.
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3.Measurement techniques for FSI

This section focuses on important measurement techniques applied for the present ex-

perimental fluid-structure interaction of the flexible hemisphere. Each method will be

systematically reviewed with regards to the following characteristics:

• historical background and development

• basic principles and components

• range of application

• calibration and linearity

• restrictions and errors

The characteristic errors of each system are highlighted in a separate table at the end of

each section.

The beginning of the chapter concentrates on flow and pressure measurement techniques.

These are divided into invasive and non-invasive methods. After this, the relevant techniques

for experimental structure measurements are outlined.

3.1 Fluid flow measurements

3.1.1 Invasive flow measurements

Invasive measurement techniques for flow measurements are connected to devices that have

to be inserted into the streaming medium to receive data. Pressure and hot-wire probes

have a long historical background and are considered as standard methods for flow field

acquisition. They have been widely used for nearly a century offering robust and reliable

results especially in wind tunnel experiments. Both methods are still present in modern

experimental fluid dynamics and outlined in the sections following the characterization list

stated above.
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3.1.1.1 Pressure measurement

Development, basic principles and components

Mechanical pressure measurement

Pressure probes are one of the simplest but very efficient and widely used methods to

measure the stagnation or the static pressure. The fundamental relationship between the

stagnation pressure and the flow velocity ranges back to the work of Pitot1 in 1732. Since

then different designs of the Pitot tube have been introduced as depicted in Fig. 3.1.

static probePitot probe Pitot-static probe 

static pressurestagnation pressure

1 

2

Figure 3.1: Different designs of Pitot tubes used for basic velocity measurements in various
applications.

The original Pitot probe (left) considered a bent tube used to measure the stagnation

pressure at a small inlet area. To minimize the error, the cross-section area at the inlet of

the Pitot probe has to point perpendicular to the flow to avoid any misalignment that

might lead to turbulence within the tube. The static pressure of a flow can be determined

with a static probe (middle). In this case the flow passes parallel along the probe. Small

gaps or drillings enable the measurement of the static pressure at this location. Both

design principles can be brought together in a single Pitot-static probe (right) also known

as Prandtl tube. Stagnation and static pressure are determined at their assigned points (1

= stagnation pressure and 2 = static pressure). Both values are used to determine the flow

velocity. In a simplified approach the velocity at the Pitot-static probe can be estimated

by the stationary Bernoulli equation:

u2 = u =

√
2

ρ
(p1 − p2) , (3.1)

where p1 and p2 are static pressure values at their assigned points and ρ is the density

of the fluid. It is assumed that the difference of the hydro-static pressure ρg(z2 − z1) is

negligible. Furthermore, the velocity directly at the inlet is ideally u1 = 0 due to the

stagnation characteristics of the flow.

Usually both pressure slots are connected to a differential pressure transducer that de-

termines the resulting velocity magnitude by directly measuring the pressure difference.

Besides fully mechanical devices the electrical measurement shall be discussed since it is

relevant for the later described calibration procedure between a physical reference and the

electrical pressure transducers.

1Henri Pitot (3rd May 1695 - 27th December 1771): French engineer and inventor of the Pitot tube.
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Electrical pressure measurement

In order to quantify a pressure measurement, it is desirable to obtain digital data. For

this purpose, electrical pressure transducers are used which are connected to a computer

to monitor the measurement online. This is also the case for the present study, where the

static pressure inside the pressurized hemisphere is needed as boundary condition for the

analysis of the fluid-structure interaction. Commonly used electrical pressure transducers

or pressure transmitters are found in different design variations to measure either the

absolute, gauge or differential pressure as depicted in Fig. 3.2.

p1

p2

differential

pressure

p1

absolute

pressure

gauge

pressure

p1

vacuum

patm

Figure 3.2: Basic pressure measurement principles applied to electric pressure transducers.

Absolute pressure transducers (left) measure the true absolute pressure in reference to a

vacuum. Gauge pressure transducers (middle) measure the pressure in reference to the

atmospheric pressure patm usually influenced by the actual meteorological conditions causing

slight variations. Differential pressure transducers (right) are based on the measurement of

two pressure values p1 and p2. In the following the gauge pressure transducer is discussed

since it will be used in the measurements.

The schematic design of an electrical gauge pressure transducer is presented in Fig. 3.3.

The design shows a resistive pressure transducer based on a measuring diaphragm. Without

measuring

diaphragm*

reference gap

(atmospheric pressure)

strain

elements

(DMS)

components for

temperature compensation,

signal amplification

electrical

output

pressure 

input

tangential

strain

radial

strain

R2 R3

R1 R4

bridge

circuit

*)

Figure 3.3: Design of a gauge pressure transducer as used in the experimental setup.

applying any additional pressure at the input the diaphragm is undeformed since the

atmospheric pressure is applied to both sides. When an input pressure is applied to the
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transducer the measuring diaphragm deforms. Usually four strain elements (right side of

the figure) are applied on the diaphragm in order to measure the change of their resistance

by a Wheatstone bridge circuit. On the opposite side of the membrane the reference

(atmospheric) pressure is maintained by means of a small gap. Inside the housing of the

pressure transducer an electrical unit consisting of a temperature compensator and a signal

amplifier is used to transfer the output voltage of the bridge to an external measurement

device, for example a computer.

Range of application, calibration and linearity

The classic Pitot-static probe is widely used in different applications for example in velocity

measurements in modern aircrafts. Furthermore, they are still found in wind tunnel setups

to measure the free-stream velocity U∞. Additionally, surface pressure measurements are

possible with pressure valves connected to small pressure holes that are drilled into the

specific specimen, for example a wing of an aircraft model. Pressure tubes then record the

mean surface pressure at different locations to gather the surface pressure distribution.

The present study is concerned with the measurement of the static pressure inside the air-

inflated hemisphere. For this purpose, a gauge pressure transducer is favorable since it offers

high precision measurements at very small pressure levels in the range 0 ≤ p ≤ 2500 Pa.

In order to calibrate the electrical pressure transducer, a physical pressure reference is

needed which is sensitive to minor pressure changes. An excellent example of a fully

analogous device is the Betz manometer schematically depicted in Fig. 3.4.

0

5

01

scale

lenses

projector lamp

screen

view point

floater

p2 p1<

indicator

(mbar)

p1

sealing liquid

Figure 3.4: Schematic representation of a Betz manometer used for pressure measurements.

Usually the Betz manometer is used to measure the free-stream velocity in wind tunnels by

connecting a Prandtl tube to the designated pressure slots (p1 and p2). However, it can also

be applied as a pressure reference and was used for the calibration of the electrical pressure

transducer. The corresponding calibration method is sketched in Fig. 3.5. The calibration

procedure is straightforward: A pressure adjustment device, similar to a simple air pump,

is used to set the calibration pressure pcal. A tube is routed from the pressure adjuster to
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a Y-joint to which two tubes are connected. One is guided to a pressure/air-tight housing,

where the actual pressure transducer is mounted for calibration. The pressure transducer

is hooked to a workstation with appropriate software to receive the electrical voltage, while

the calibration procedure is carried out. Furthermore, a second tube is connected to the

pressure slot denoted with p1 (also see Fig. 3.4) of the Betz manometer.

workstation

correlation

software

pressure

adjustment

pressure tight

housing
pressure

transducer

Betz

manometer
p1

p2

F

pcal

s

≈ pcal

pcal≈

p1>

pcal

p1

pressure

tubes

t

E

Figure 3.5: Setup used for the calibration of a pressure transducer.

This slot is used to apply over-pressures desired for the calibration process. The second

pressure slot at the top of the manometer remains unloaded and open. The calibration

procedure is as follows: The operator sets the pressure with the adjuster to a target level

while observing the screen of the manometer. When the desired pressure level is reached, a

measurement with the pressure transducer is carried out. A sufficient amount of data have

to be collected in order to receive a significant sample. The calibration process usually

follows a strict protocol, where exactly defined target pressures are measured step-wise

within the complete measurement range of the transducer. Afterwards, the physical

pressure values from the Betz manometer are correlated with the electrical output values

of the pressure transducer to receive the calibration protocol including the calibration

coefficients as depicted in Fig. 3.6. An electrical pressure transducer has an almost linear

behavior favorable for most applications. In this example the calibration is carried out over

the full output range of the transducer 0 ≤ Eout ≤ 10 V yielding the calibration coefficients

(offset B and gradient A). The calibration procedure focuses also on the determination of

the uncertainty of measurements and possible hysteresis characteristics. Very sensitive

transducers consider a special mounting setup during calibration, for example for the

pressure input side (see Fig. 3.3) typically pointing up- or downward (with or against

gravity) in order to minimize micro tension occurring in the membrane. Furthermore,

zero offset drift characteristics are a crucial issue when dealing with very low pressures or
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pcal

E(V) = A pcal + B

A = 0.004

B = 0.005

Figure 3.6: Calibration graph of an electrical pressure transducer showing a linear behavior
between the reference pressure pcal (Betz manometer) and the output voltage of the
bridge circuit.

operating a transducer at its lower resolution limits. A calibration of the transducer on a

regular basis is mandatory to reduce these effects.

Depending on the quality of the calibration the relative uncertainty of the measurements

lies below 0.25% regarding to the full measurement range of the specific device. The

relative uncertainty increases towards lower pressure values. The linearity of a pressure

transducer is often qualified by the “Best Fit Straight Line” (BFSL) test (see, e.g., IEC

60770 0,5% FSO (BFSL: 0,25% FSO)).

Restrictions and errors

Electrical gauge pressure transducers are restricted to the measurement of pressure values

larger than the atmospheric pressure level since this pressure is the reference line. However,

a certain amount of under-pressure is normally tolerated by the transducer, but mainly

considered as a safety range for “under-loading” since the applied strain elements are not

designed for this deformation direction. Furthermore, the dynamic range of the described

gauge pressure transducer is limited not allowing the determination of highly dynamic

processes like small turbulent fluctuations of air.

Characteristic errors connected to pressure transducers, especially of the electric type, are

mentioned in Table 3.1.
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Error Description

Environment Environmental changes influence the performance of a pressure sensor.

These influences are usually temperature impacts, barometric pressure,

humidity, vibrations or electromagnetic induction. Usually a pressure

transducer is carefully calibrated under laboratory conditions. The above

stated influencing factors have a more or less significant effect on the actual

measurement. If the measurements are carried out at calibration condi-

tions, the measurement error is equal to the uncertainties documented in

the calibration protocol.

Nonlinearity This error is determined by comparing the output of a pressure transducer

with an ideal (linear) curve across the full measurement range. Usually, a

pressure transducer has a nonlinear characteristic with a variable devi-

ation depending on the actual pressure applied to the sensor. Different

approaches can be used to determine the maximum offset error in com-

parison to a linear standard, such as the terminal method (IEC 61298-2)

or the BFSL method (IEC 60770) mentioned above.

Hysteresis Pressure hysteresis describes the behavior of a transducer to react differ-

ently on loading or unloading. This means that the loading direction of a

sensor leads to different curves forming a measurement “envelope”. The

largest deviation between increasing and decreasing readings is defined

as hysteresis. This error can be estimated by running a pressure sensor

several times from zero output to the full range and back again. Usually

the influence of hysteresis is determined during the calibration.

Non-repeatability This characteristic is exclusively connected to electronic pressure trans-

ducers. Similar to hysteresis the output signal of the transducer varies at

different pressures. Non-repeatability is tested by increasing and decreas-

ing the pressure between 10% and 90% of the full measurement range

and recording the output while the procedure is repeated in cycles. The

largest deviation between the cycles determines the non-repeatability of a

sensor.

Zero-point error This error leads to an offset from the zero loading condition. Usually

the zero-point error is specified as a percentage value related to the full

measurement range. However, it can be seen as an offset with the same

total amount across the whole measurement range. It is an important

value when measurements are made at the lower range of a transducer. It

will increase towards the zero pressure limit.
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Shifting This effect is associated with processes that lead to a change of the

output signal of the pressure transducer. Temperature impacts or sensor

overloading are typical processes connected to shifts. It is important to

mention that shifts are regarded as the result of processes that have come

to an halt. Shifts can be recognized by comparing subsequent calibration

results. In some cases simple linear interpolation methods can be derived

referring to the initial calibration in order to compensate shifting effects.

Drifting Drifting is considered as the temporal process connected to a shift. Aging

of components is a comprehensive example of a drift. While the sensor

ages the output signal is drifting away from its initial state. Similar to

shifts the drifting characteristics of an individual sensor can be tracked

by comparing the results of regularly made calibrations.

Table 3.1: Characteristic errors connected to pressure measurements.

3.1.1.2 Hot-wire anemometry

Development, basic principles and components

Hot-wire anemometry (HWA) is another widely established measurement technique in

experimental fluid mechanics ranging back to the fundamental work of Kennelly et al. [167]

in 1909 and later improved by King [172–175] and others [121, 168]. Today, it is commonly

used to measure turbulent fluctuations in gas oder liquid flows due to its superior sampling

rates which are still ahead of non-invasive techniques such as laser-Doppler anemometry

(LDA). To achieve this behavior, a small wire is heated by an electric current which

is cooled by forced convection of the flow. In order to compensate for the thermal

time lag, the wire is kept under constant resistance. This is achieved by heating the

wire constantly to a specified temperature to avoid unwanted drifting of the calibration

curve due to the cooling effect of the flow. This technique is referred to as “constant-

temperature anemometry” (CTA) first introduced by Ziegler [398] in 1934 with further

improvements [115, 185, 249, 341, 358, 381, 384]. The setup of CTA consists of the actual

sensor and an efficient electric circuit. Two different types of sensors are available referred

to as “hot-wire” or “hot-film” sensor depicted in Fig. 3.7.

These sensors are chosen based on the requirements of the measurement. Here, mainly the

sensitivity, which is a measure for the temporal resolution of a sensor, is of relevance. To

increase the sensitivity of the sensor the wire has to be thin. Hot-wire sensors typically

have a diameter of 0.5 and 5 µm and a length between 0.1 and 1 mm depending on the

desired application made of tungsten (Wolfram). The hot-wire is usually heated up to

300°C for optimum operation. In contrast to this, hot-film sensors consist of a thin quartz

coated platinum film applied to a glass rod. These sensors are often used in liquid flows

but are also applied in clean air applications. The sensors have a wire diameter between

25-100 µm with a similar length compared to a hot-wire probe. The operation temperature
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hot-wire hot-film

0.1-1 mm
0.1-1 mm

0.5-5 μm 
25-100 μm 

Figure 3.7: Hot-wire and hot-film sensor typically used for constant-temperature anemometry
(CTA) applications.

is usually between 30-70°C for liquid applications and between 150-300°C for gas flows.

The second important component is the bridge circuit. An example of a typical bridge

design is presented in Fig. 3.8.

bridge

out

sensor

R1 R2

RSRC

amplifier

control

resistor

Figure 3.8: Example of the electric circuit of a constant-temperature anemometer bridge.

In this design, the sensor or its resistance represented as Rs, is integrated into a Wheatstone

bridge. The bridge resistors R1 and R2 as well as the control resistor Rc have a fixed

resistance value. Furthermore, the control resistor RC is used to adapt the bridge to

different sensor types. Thus, the only variable in the circuit is the resistance of the actual

sensor RS. Usually the resistors R1 and R2 are chosen to set the bridge ratio R2/R1

determining the value of the output voltage. In order to balance the bridge, the adjacent

leg of the Wheatstone bridge has to be set accordingly equalizing the circuit setting the

bridge voltage to zero. This results in the common relation:

R2

R1

=
RS

RC

. (3.2)

It is important to mention that the resistance Rs of the hot-wire or hot-film sensors is

dependent on the temperature in connection with the applied metal type (gold, platinum,

wolfram) of the specific sensor. Usually, the reference resistance Rref of each sensor is

determined at a reference temperature, for example room temperature (ϑref = 20°C).

This procedure is necessary due to the manufacturing tolerances of the delicate sensors.

Typically the reference resistance of a platinum hot-film sensor is approximately Rref = 6Ω
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at ϑref = 20°C. These values are used to determine the sensor resistance within its

temperature range by:

RS(ϑ) = Rref [1 + αref (ϑ− ϑref)] (3.3)

where αref is the temperature coefficient of resistance at the reference temperature ϑref (for

platinum αref = 3.92× 10−3 K−1). The temperature dependency of a platinum hot-film

sensor is depicted in Fig. 3.9.

R
S
(ϑ) [Ω]

ϑ

hot-film probe (platinum)

Figure 3.9: Temperature dependency of a common hot-film sensor with a metallic conduc-
tor made of platinum based on the reference values ϑref = 20°C, Rref = 6Ω and
αref = 3.92× 10−3 K−1.

The operation resistance of the sensor is subsequently used to determine the value of

the control resistor RC in order to equalize the bridge according to equation (3.2) in idle

operation, i.e., without fluid flow. Often an additional trim function is connected to the

circuit of the control resistor for fine-tuning and signal-shaping.

This leads to the final component of the electric circuit: The linear amplifier following after

the Wheatstone bridge used to rectify the signal before sending it out for further processing.

In most CTA designs a square wave generator can be connected to the circuit in order to

adjust the output signal of the amplifier. Usually the specification documentation (user

manual) of the electric circuit includes a signal shape diagram for optimum response which

can be monitored by an oscilloscope. For the optimization procedure, the resistor trim

and an additional signal gain regulator are often included in modern CTA devices.

Other influences such as cable length resistance have to be considered when operating

the CTA system. Commonly, the manufactures of these devices document a best practice

procedure how to deal with deviations from the recommended setup.
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Range of application, calibration and linearity

Hot-wire anemometry is used for the spot-wise measurement of the unsteady velocity and

its fluctuations. From the measurements first- (mean values) and second-order moments

(turbulence intensity, Reynolds stresses) are determined. According to the requirements of

the experiment several sensor types are available, including 1D to 3D probes, boundary

layer probes and miniaturized sensors with high frequency resolution. In the present study

a CTA system with a uni-directional (one-dimensional) hot-film sensor is applied where

the specific details are discussed in Section 5.3.1.

The minimum velocity of a CTA sensor is reached, when the natural convection dominates

the forced convection. This limit is estimation by:

Re < 2Gr1/3 (3.4)

with the Grashof number Gr:

Gr =
g D3 β (ϑ− ϑref) ρ

2

µ2
(3.5)

where g is the gravitational acceleration, D the diameter of the wire, β the coefficient

of thermal expansion (equal to 1/(273.15 K) for an ideal gas), ρ the density and µ the

dynamic viscosity of the surrounding fluid.

The maximum velocity of a CTA probe can exceed supersonic velocities and is restricted

by the aerodynamic loads applied to the wire. Moreover, the maximum velocity is limited

by the stagnation temperature reached at a certain velocity. In usual experimental setups

associated with civil engineering the occurring velocity range falls within the application

of CTA systems.

Nowadays, constant temperature anemometry is mainly used for the measurement of

turbulent flow characteristics, i.e., velocity spectra and turbulent fluctuations. Velocity

spectra can be processed in detail due to the high temporal response of the probe. Sampling

frequencies up to several hundred kHz [158, 342] are possible with sensitive miniature

sensors. Usually hot-film probes are capable to resolve the spectrum at a maximum

frequency between 80-100 kHz. These characteristics make CTA still an indispensable tool

for the characterization of turbulent flows.

Besides the spectrum, the turbulence intensity of a flow is of interest. For this purpose, the

efficient bridge circuit enables the detection of smallest velocity fluctuations in the flow.

Furthermore, CTA systems are cost efficient in comparison to non-invasive techniques

such as LDA or PIV. Additionally, the setup is compact and the connection to modern

computer based analysis software is relatively easy to establish.

CTA is a non-linear measurement technique requiring a careful calibration. Linear or

calibration-free systems such as the Betz manometer or a laser-Doppler anemometer are

used as a reference for the calibration procedure. The calibration data can be obtained in

a fully empirical way by comparing the bridge output voltage with the associated physical

velocity of the reference device as depicted in Fig. 3.10.

103



3. Measurement techniques for FSI

E(V) = A + B  x + Cx2 + Dx3 + Ex4 

ucal [m/s]

Figure 3.10: Calibration graph of a constant-temperature anemometer showing the characteristic
non-linear behavior between the velocity ucal and the output voltage of the bridge
circuit.

A best-fit curve is determined from the point-wise determined calibration data to receive

the corresponding calibration coefficients. In this example a fourth order polynomial is

calculated on the basis of the calibration range 0 ≤ ucal ≤ 25 m/s yielding the calibration

coefficients A, B, C, D and E. These are documented in a calibration protocol and stored

into the designated access file of the measurement software. Modern software is capable to

convert the bridge output voltage into the corresponding velocity online without significant

latency.

Restrictions and errors

Hot-wire probes are restricted to local (point-wise) measurements in a flow field. Further-

more, the sensors have to be placed into the flow influencing the flow field. Especially

when several probes are used at different locations in the flow field, an interference of the

sensors with each other is often unavoidable.

Measurements with changing temperatures have to be compensated sufficiently to avoid

larger errors, since a significant response of the velocity signal occurs when the wire changes

its resistance (see also Table 3.2).

Often the measurements are restricted to the velocity magnitude related to a standard

sensor which does not include the flow direction. This is especially of interest in reverse

flows such as the recirculation region behind bluff bodies. This restriction has the following

effects on the measurements, which have to be considered carefully:

• The time-averaged velocity only shows magnitude values. The user has to be aware

of the flow characteristics of the measured case to avoid misinterpretation.

• The CTA signal is “truncated” when the velocity fluctuates around u ≈ 0 m/s as
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schematically shown for two cases in Fig. 3.11.
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Figure 3.11: Truncation of the velocity signal at fluctuations around u ≈ 0.

In this artificial example a true signal (red line) is compared to a CTA signal (blue

dashed line) which would result when measuring the true signal. First, the upper

left graph is discussed. The time-averaged value of the velocity measured by CTA is

“biased” towards higher velocities resulting in a shifted mean velocity indicated by the

green line. This effect is caused by the CTA velocity signal (blue dashed line) which

is mirrored upwards at the u = 0 m/s boarder because only the velocity magnitude

is taken into account. Furthermore, the true frequency ftrue = 1 Hz is doubled after

applying a fast Fourier transformation (FFT) on the CTA data illustrated in the

upper right graph. Due to the initial truncation of the CTA velocity signal the

actual value of the FFT is also reduced leading to a flawed representation of the

resulting velocity spectra with underestimated peak values. Furthermore, “artificial

frequencies” are generated caused by the mirror effect occurring at the u = 0 m/s

boarder.

The second case is presented in the two lower graphs. Here, the truncation of the

CTA data is slightly decreased since only a smaller part of the true signal contains

negative velocities. Nevertheless, a bias towards higher mean values still occurs in
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case of a CTA measurement. For this signal the FFT of the CTA signal also contains

the true frequency but still exhibits the doubled frequency and further artificial

frequencies. Interestingly, the second CTA signal contains a prominent frequency at

f = 3 Hz which was not present in the first CTA signal. Especially these artificial

frequencies can lead to a misinterpretation of the flow characteristics. A user must

be aware of these effects to avoid false conclusions.

Besides this special biasing effects common errors associated with the CTA measurement

technique are presented in Table. 3.2.

Error Description

Temperature A change in the ambient temperature during the measurement has a sig-

nificant impact on the sensor resistance. A deviation from the calibration

temperature ϑcal (see equation (3.3)) leads to an altered bridge output.

As a consequence an error in the velocity will appear. To compensate

temperature drifts occurring during measurements, a parallel running

temperature probe, such as a Pt-100, can be utilized. Furthermore, several

correction methods have been suggested to compensate this drawback.

When the temperature change is small (below one degree) the correction

presented by Bruun [56] can be used, which is

Eref
out = Eout

√

ϑprobe − ϑcal

ϑprobe − ϑ
(3.6)

where Eout is the actual bridge output voltage, ϑprobe is the operation tem-

perature of the probe, ϑcal is the surrounding temperature at calibration

and ϑ is the ambient temperature during the measurement.

A recent study by Hultmark and Smits [153] suggested a correction method

for large ambient temperature changes ranging up to ∆ϑ = 15°C. The

procedure has the advantage to use a single calibration data set and the

knowledge of ∆ϑ and the fluid properties k and ν (thermal conductivity

and kinematic viscosity of the fluid).

Aging Aging of the sensor is strongly depending on the operation temperatures.

High temperatures will lead to a faster aging. Usually this will influence

the sensitivity of the sensor. Furthermore, polluted gas flows, for example

in combustion engines, will significantly increase aging of the sensor.

Humidity Higher humidity in gas flows influences the thermal conductivity of the

sensor. Elaborate tests and suggestions can be found in the early studies of

Schubauer [299]. In most clean air applications effects related to humidity

can be avoided easily by air dehumidifier.
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Calibration The calibration procedure has a large influence on the performance of

a sensor. Besides the changes in temperature listed above, some of the

most relevant error sources are listed in the following:

- Error due to the fitting of a calibration equation: When choosing

the empirical approach to generate the calibration data the user has to

processes a best-fit curve from the single calibration measurements. This

will lead to a certain deviation. The influence of this deviation can be

determined by comparing the reference calibration device, for example

LDA, with the outcome of the CTA calibration.

- Increasing age-related abrasion of the CTA sensor introduced an addi-

tional source of error in the subsequent calibrations since the sensitivity

of the sensor decreases.

Alignment The alignment of the probe’s wire to the flow has an impact on the velocity

measurement.

Table 3.2: Characteristic errors connected to the CTA measurement technique.

3.1.2 Non-invasive flow measurements based on tracers

Besides the classical methods presented in the former section, non-invasive devices represent

a state-of-the-art technology for fluid dynamic measurements. These techniques have the

advantage of measuring velocity fields without inserting flow disturbing probes into the

area of interest. Two of the commonly applied methods are laser-Doppler anemometry

(LDA) and particle-image-velocimetry (PIV). Each system will be discussed in detail in this

section since they are a fundamental part of the experimental setup used in the study of

the flexible hemisphere. Although significantly different in design, both systems are based

on the measurement of light-scattering particles (or droplets in case of gas flows) inserted

into the flow field illuminated by a strong laser. These particles, also called “tracers”, have

to satisfy two requirements: First, they have to follow the flow without significant slip in

order to represent the behavior of the flow medium appropriately and second, they have

to scatter enough light to be detected by the designated measurement system. To achieve

the no-slip condition the tracers have to be small enough to follow the continuous flow.

With the knowledge of the particle diameter dp and density ρp, the fluid velocity uf and

the dynamic viscosity µf of the fluid the Stokes number

Sk =
τp
τf

=
ρp d

2
p ρf u

2
τ

18µ2
f

(3.7)

can be determined, where τp = (ρp d
2
p)/(18µf) represents the particle response time

associated with the interia of the particle. Furthermore, τf = µf/(ρf u
2
τ ) is a measure

for the characteristic time scale connected to the fluid which is dependent on the friction
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velocity uτ
2. To satisfy the no-slip condition the Stokes number has to be small to guarantee

an acceptable following behavior. When the Sk number tends towards zero the particles

are considered as perfect tracers.

uts = g d2p
(ρp − ρf )

18µF

(3.8)

is used to estimate the feasibility of a particle as a tracer. Based on a force balance between

drag, buoyancy and gravity forces it defines how fast a particle settles in quiescent flow.

Equation (3.8) considers a spherical particle in a fluid at rest exposed to only Stokes drag,

buoyancy and gravity3. The settling velocity uts contains the gravitational constant g, the

density of the particle ρp and the density and the dynamic viscosity of the fluid ρf and µf .

In order to maintain the no-slip condition of a tracer, the settling velocity uts should be

small compared to the mean flow of the experiment.

Equations (3.7) and (3.8) are applied to the present study. Here, the air flow in the

wind tunnel is seeded with Di-Ethyl-Hexyl-Sebacat (DEHS) droplets with a density

ρDEHS = 900 kg/m3. The mean diameter dp of an atomized DEHS droplets ranges between

0.2 µm and 0.3 µm (“most penetration particle size” (MPPS)). The fluid parameters based

on the standard values for air yield ρair = 1.225 kg/m3 and µair = 18.72× 10−6 Pa s. The

free-stream velocity of the experiments ranges between 5.14 m/s ≤ U∞ ≤ 10.24 m/s. By

inserting uf = U∞ along with the giving experimental parameters into equations (3.7)

and (3.8), a Stokes number range of 2.5×10−3 ≤ Sk ≤ 4.6×10−3 and a terminal settling

velocity of uts = 1.635× 10−6 m/s are determined.

Thus, the chosen droplets are suitable for the present application in terms of the required

following behavior. However, the size of a tracer also affects its reflection characteristics.

Small tracers will require a larger amount of laser power to scatter enough light to

be detected by the measurement equipment. Besides these physical estimations of the

particle characteristics, LDA and PIV have additional requirements for the tracers that

are fundamentally connected with the underlying measurement principle of each device

discussed in the following sections.

3.1.2.1 Laser-Doppler anemometry

Development, basic principles and components

The technical basis of the laser-Doppler anemometer was established by the design of

the first Helium-Neon laser (He-Ne laser) emitting concentrated laser light at the Bell

Telephone Laboratories reported by White and Rigden [365] in 1962. Shortly after the

introduction of the He-Ne laser Yeh and Cummins [390] presented the applicability of

the laser as a spectrometer for flow measurements based on the observation of Cummins

et al. [77]. In this initial experiment, the coherent laser light was used to illuminate

2The actual measurement data for uτ are given in Table 7.1 in Section 7.5.1.
3A detailed derivation of this quantity can be found in Happel and Brenner [139].

108



Fluid flow measurements

mono-disperse polystyrene spheres in a water flow. The experimental arrangement is

depicted in Fig. 3.12 featuring all relevant components also found in modern LDA systems.

SSD modulator

valve

reservoir

flow tube

spectrum

analyizer 30°

6328-Å He-Ne laser

mirror

sample cell

optical lens

photomultiplier

semipermeable

mirror

Figure 3.12: First experimental setup with a laser spectrometer (later: laser-Doppler anemometer)
as used by Yeh and Cummins [390] in 1964.

The setup consisted of a 6328-Å He-Ne laser emitting laser light to several mirrors used for

splitting and redirecting the initial beam. The first light beam is directed through a single

side-band modulator (SSB) used as local optical oscillator for heterodyning as described

by Cummins et al. [76]. After that the modulated beam is guided to a photomultiplier.

The second beam is routed directly through the flow tube containing a sample cell. The

scattered light from the polystyrene spheres in the sample cell is collected by an optical

lens and transmitted to the photomultiplier recombined with the modulated beam for

heterodyne detection (recommended literature on this topic found in [73, 87, 194, 283]). By

utilizing the naturally occurring Doppler-effect from the scattered light by the polystyrene

spheres the flow velocity was determined. This setup was further enhanced by Foreman et

al. [114] conducting the first laser-Doppler measurements in a gas flow. Since then LDA

was permanently improved evolving to one of the key technologies for optical non-invasive

flow measurements. This short historical outline is followed by the theory behind LDA

and the fundamental components necessary for a measurement. The brief summary is

oriented at the works of [1, 58, 99, 101, 337, 338].

The basic principle of laser-Doppler anemometry is based on the previously presented

concept of small particles (in liquid form denoted as “droplet”) that are seeded into a fluid

flow and illuminated by a laser beam. Thus, the illuminated particles within the flow serve

as receiver and emitter of light as schematically depicted in Fig. 3.13.

A single laser beam with the wavelength λ and the incident wave vector k0 (where

|k0| = 2π/λ) is used to illuminate a particle. The particle travels along its path with the

velocity Vpart crossing the laser beam and scattering light in all directions. An arbitrarily

located observer will receive the scattered beam with the corresponding wave vector kS
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particle path

Vpart

laser beam

observer

particle

scattered beam

k0

kS

Figure 3.13: Schematic representation of the Doppler effect in single light beam setup.

resulting in the Doppler shifted frequency:

∆ν = (kS − k0) · Vpart . (3.9)

This simple relationship turns out to be rather challenging when applying it to an appropri-

ate experimental setup. The geometrical alignment of the optical components, especially

the receiving optics, has to be sufficient to collect enough scattered light. This is not

always possible in setups with fixed boundary conditions. Furthermore, the frequency

range at the receiver broadens with the adjustment of the aperture leading to an insufficient

signal-to-noise ratio (SNR). This is especially relevant in flows with lower seeding density,

where an amplification of the signal is necessary at the receiver in order to detect scattered

light. Fortunately, these drawbacks are solved by the introduction of the dual-crossing-

beam LDA which has become the standard technique. The basic principle is schematically

presented in Fig. 3.14.

particle path

Vpart

laser beam 1

observer

particle
K0

kS

scattered beam

laser beam 2

k01

k02

θ/2

ui,part

Figure 3.14: Schematic representation of the Doppler effect in dual light beam setup.

In this case, the initial wave vector K0 is split into two beams with their associated wave

vectors k01 and k02. Both beams are crossed under the angle θ in a single focal point. An

arbitrarily located observer will again receive the scattered beam of a particle traveling

110



Fluid flow measurements

through the focal point with its wave vector kS. Since two beams are involved, this results

in the corresponding Doppler shifted frequencies:

∆ν1 = (kS − k01) · Vpart ; ∆ν2 = (kS − k02) · Vpart (3.10)

The wave vector kS received by an observer can be eliminated by:

∆ν2 −∆ν1 = (k02 − k01) · Vpart = K0 · Vpart . (3.11)

Furthermore, utilizing the relationship |k01| = |k02| = 2π/λ and considering the crossing

angle θ, the magnitude of the initial wave vector |K0| can be formulated by:

|K0| = |(k02 − k01)| =
[

2 sin

(
θ

2

)]
2π

λ
. (3.12)

With ui,part denoting the velocity component of Vpart that is oriented parallel to K0, the

Doppler shifted frequency fD of the dual-beam LDA system corresponds to:

fD =
2 ui,part
λ

sin(θ/2) . (3.13)

An important improvement of this setup is the independency between the frequency fD and

the scattering direction. The linear relationship between the Doppler frequency fD and the

corresponding velocity component ui,part of the particle is used for a direct determination

of the velocity at the focal point of the laser beams, i.e., the measurement volume.

Modern LDA systems combine the emitter (laser) and receiver (photomultiplier) in a single

compact unit as depicted in Fig. 3.15. In this example a LDA system for the measurement

of one velocity component is described.

laser

FLOW

beam splitter

fiber to photomultiplier

particle

receiving lens

front lens

beam modulator

laser beam

measurement

volume

backscattered light

Figure 3.15: Example of a modern LDA system in single-unit design. All relevant components
are installed in one compact device.
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A continuous laser emits light at wave lengths between 390 and 750 nm. The initial beam

is guided through a beam splitter dividing the initial beam in two parts. Both beams are

routed towards the front lens. One beam is additionally guided through a modulating

unit called “Bragg cell” which is a glass or quartz block with an integrated acousto-optic

modulator (AOM) based on a piezoelectric transducer [2, 9, 76, 106]. The modulator is

used to shift the frequency of one beam by acoustic sound waves that are generated at a

specific frequency. The sound waves cause density fluctuations (expansion and compression

waves) within the glass block changing its refraction index and thus, change the output

frequency of the laser beam known as Brillouin4 scattering. The result is a “moving”

interference fringe pattern, which is described later and mainly used to determine the

direction (algebraic sign) of the velocity of a particle. This method is also called the

“reference beam” technique. Most modern LDA systems use Bragg cells with an integrated

beam splitter. At the convex front lens the beams are deflected and crossed at a defined

focal length forming the measurement volume. The light scattered from the particles

passing through the measurement volume is collected by a receiving lens and subsequently

guided by means of optical fibers to a photomultiplier (PMT). A connected processing unit

analyses the signal and converts the detected Doppler frequency into velocity information.

The measurement volume is kept small in order to enable high spatial resolution. For this

purpose, the laser beams are crossed at their minimum waist diameter maximizing the

light intensity. The characteristic interference fringe pattern of the measurement volume

for one velocity component is shown in Fig. 3.16.

beam 1

beam 2

interference

pattern

θ

measurement

volume

df

intensity

λ

Figure 3.16: Laser-Doppler measurement volume for one velocity component with characteristic
interference fringe pattern. The distribution of the light intensity within the
measurement volume follows a Gaussian function. The fringe spacing df depends
on the wavelength λ and the intersection angle θ.

4Léon Nicolas Brillouin (August 7th 1889 - October 4th 1969): French physicist with major contributions to quantum
mechanics, radio wave propagation, solid state physics and information theory.
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The fringe pattern, i.e., fringe distance df , depends on the wavelength λ of the applied

laser and the intersection angle θ defined by:

df =
λ

2 sin(θ/2)
. (3.14)

The interference pattern is used for the adequate illumination of the particles. As a particle

travels through the measurement volume, it is illuminated and darkened in a sinusoidal

manner connected to the fringe distance df and the Doppler frequency fD. With the

knowledge of both, the velocity component is calculated by:

ui,part = fD df = fD
λ

2 sin(θ/2)
. (3.15)

Due to the Gaussian intensity distribution observed along the cross-section of a laser

beam [176] the scattered light of a single particle will follow this characteristic shape as

visualized in the intensity plot of Fig. 3.16. Furthermore, the size of the tracked particle is

a crucial issue. In order to receive the desired signal shown in the intensity plot sufficiently

large particles are required as discussed in [8, 100, 111]. The scattered light of a particle

is detected by a PMT transferring the actual signal to the electronic circuit of the LDA

system necessary to evaluate the flow velocity. The signal conditioning and processing

marks an important step in the signal chain of a LDA measurement worth mentioning

briefly. In this context the frequency tracker and the Doppler-burst counter in connection

with the variable optical frequency shift of the LDA system shall be discussed.

The signal path and further conditioning of a modern LDA system is presented in Fig. 3.17

based on the descriptions by Buchhave [57]. The LDA setup consists of the actual optical

laser
AOM

PMT

driver

crystal

oscillator VCO mixer

preamp

preamp
frequency

tracker
display

LDA control unit signal processing unit

output

optical unit

fco

fco

fd=|fco-fD|

flo

fco

fd
'=|fD+(fco-flo)|

fs=fco-flo

PLL

fs

Figure 3.17: Sketch of a modern LDA system as reported by Buchhave [57].

unit, an LDA control unit and a signal processing unit. In this configuration the crystal

oscillator produces the fixed frequency fco usually set around 40 MHz. It is conditioned

by a driver and send to an AOM modulating laser beam leading to a “moving” fringe

pattern of the measurement volume. The moving fringe pattern has two major advantages
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compared with a static pattern: First, the sign of the measured velocity component is

detectable. The Doppler frequency fD resulting from a static fringe pattern is modulated

by the crystal oscillator frequency leading to the frequency shift fd = |fco − fD| detected
by the PMT. Depending on the direction of a particle passing through the measurement

volume, i.e., with or against the moving fringe, a shift of the value of fd is measured and

the positive or negative sign is determined. Second, a moving fringe pattern eliminates

the so-called “dead zones” present in the static case depending strongly on the intersection

angle θ and traveling path of a particle. Dead zones are considered as velocity directions

connected to an insufficient amount of zero-crossings of fringes of a particle passing the

measurement volume. The “zero-crossings” method will be explained later in connection

with the LDA-burst counting procedure.

The detected frequency fd is transmitted from the PMT to the LDA control unit, where it

is amplified and guided to the input of a mixer. Furthermore, a local oscillator is used as a

frequency synthesizer. It generates the variable (adjustable) frequency flo and also provides

the frequency shift fs = fco − flo between synthesizer and crystal oscillator. In this setup

the frequency synthesizer is implemented by means of a voltage controlled oscillator (VCO).

To avoid phase effects between the fixed frequency fco of the crystal oscillator and the

variable frequency flo of the synthesizer, a phased-locked-loop (PLL) design between VCO,

crystal oscillator and driver is applied. When the operator of the LDA system is changing

the variable frequency flo, the PLL circuit will automatically lock the phase between the

crystal oscillator and VCO in a feedback loop. Both generated frequencies fco and flo are

routed from the VCO to designated inputs of the mixer. The mixer provides the modulated

frequency f ′
d = |fD + (fco − flo)| as well as the total frequency shift fs = fco − flo. The

main reason behind the variable frequency generator and modulation of the PMT signal

is the optimization of the signal-to-noise ratio (SNR). In this setup the LDA user has

active control over the modulation of the PMT signal to increase the signal quality. The

modulated signals are then transferred to the processing unit, where the actual velocity is

computed. Finally, the velocity component ui resulting from the Doppler frequency fD is

determined by subtracting the frequency shift fs in the processing unit.

The signal processing unit offers frequency tracking and burst counting methods. Frequency

tracking is used to measure relatively large frequency fluctuations in densely seeded flows

with nearly continuous signals arriving at the PMT. Thus, the measured fluctuating

Doppler frequencies correspond directly to the velocity fluctuations of the designated

velocity component. The frequency tracker is composed of a narrow-banded noise reducing

filter followed by a frequency discriminator. Additionally, threshold values can be applied

to the signal in order to increase the SNR. This is especially useful when the source signal

is modified by a pre-amp before guided into the tracker. At high data rates the filter

sufficiently reduces the noise and increases the accuracy of the detected Doppler frequencies.

Problems arise when the seeding of the flow is low and occurring Doppler frequencies are

filtered out causing drop outs in the data stream. These drop outs bias the time-averaged

frequency towards lower values introducing a systematic error due to low seeding density.

For these cases, the widely used burst-counter method is applied, where single particle
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transits are detected by the so called “zero-crossing”method [1, 99, 230, 300, 385]. A single

particle traveling through the center of the measurement volume is detected by the PMT

as presented in the upper part of Fig. 3.18.

Doppler signal

laser intensity

distribution

PMT signal
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Figure 3.18: Zero-crossing method used for burst counting of single particles traveling through
the measurement volume based on [99]. The original PMT signal (top) is high-
pass filtered (middle) to remove the low frequency generated by the laser light
intensity distribution followed by the zero-crossing method to determine the Doppler
frequency.

The Gaussian intensity distribution of the laser (red curve) will introduce a low frequency

portion to the signal superimposed by the Doppler frequency (blue curve). A high-pass

filter is used to remove this low frequency in order to receive the pure Doppler signal as

visualized in the middle part of Fig. 3.18. The filtered signal is used to determine the

Doppler frequency fD of the particle. In the presented case upper and lower thresholds are

used to minimize the low energetic signal noise. When the threshold is reached the gate

time window opens and a series of triggers (for example Schmitt triggers) are used to detect

positive and negative fractions of the signal as well as zero-crossings. The zero-crossings of

the signal (yellow impulse pattern) are used to evaluate the transit time ∆tf of a particle

between single fringes to determine the resulting Doppler frequency as follows:

fD =
1

∆tf
= ui,part

2 sin(θ/2)

λ
. (3.16)
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This short summary of the laser-Doppler anemometry presents the fundamental interplay

between the detection, conditioning and processing unit a user has to be aware of. Weak

LDA signals mainly correspond to an insufficient knowledge of the effectiveness of active

filters, thresholds and gain settings. Although LDA is classified as a calibration-free system,

a large amount of errors occur by inadequate or “unintentionally sloppy” user settings.

Range of application, calibration and linearity

Meanwhile the laser-Doppler anemometer is a fundamental tool for flow measurements

in a wide range of applications.Typically, larger Argon-ion lasers to compact solid-state

lasers (YAG) are used as light source. Modern LDA system are able to measure all velocity

components u, v and w simultaneously to gather data of the three-dimensional flow. All

velocity based quantities such as Reynolds stresses or higher-order moments are attained

with high precision. Furthermore, velocity spectra can be derived from the flow data

although the range and resolution strongly depend on the seeding density connected to

the mean data rate of the flow.

Due to its physical linearity (fD ∼ ui) the LDA is calibration-free and serves as reference

for the calibration of other devices such as CTA. Nevertheless, the user has to be aware of

the different filter settings to receive optimum signals.

Restrictions and errors

Laser-Doppler anemometry is restricted to its relatively small measurement volume. This

makes larger measurement campaigns time consuming depending on the size and spatio-

temporal resolution required. Furthermore, LDA measurements depend on the optical

access to the flow and are restricted to transparent fluids. Hidden regions are often

challenging without further preparation of the experimental setup by mirrors or other

devices. Particular refraction indices are necessary when measuring through translucent

walls such as glass in order to receive the exact position of the measurement volume. Each

flow problem and medium needs special particles or droplets. The measurement of air-flow

in closed channels is often problematic since the translucent walls are quickly covered by

the seeded droplets reducing the optical access to the flow making long-time measurements

challenging.

The fact that different particles travel in an uncorrelated manner in time through the

measurement volume has implications on the evaluation of the frequency spectrum. Since

only “burst” events are measured the calculation of accurate velocity spectra is challenging

as the velocity data have to be post-processed accordingly (see [3, 31, 54, 236, 237]) often

by generating a continuous time sample adding placeholder values between the otherwise

uncorrelated LDA data. The mixing of “dummy” and actual measurement data can cause

certain problems such as artificial frequencies or unwanted filter effects (low-pass filtering).

This is especially critical in flows with low seeding or in regions where typically lower

particle concentrations are observed such as air-flows or near-wall flows. In these cases

priority should be given to another measuring system such as CTA.
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Table 3.3 lists typical errors connected to the LDA measurement technique.

Error Description

Misalignment When the laser beams are misaligned in the measurement volume,

the necessary fringe pattern does not form properly. The user

has to adjust the crossing of the beams manually. The optimum

is achieved, when the sampling rate is at maximum combined

with a high SNR.

Bandwidth A velocity biasing error is made, when applying the wrong band-

width of the expected Doppler frequencies. This can be avoided by

checking the histogram of the incoming Doppler signals. It should

always contain the complete distribution of Doppler frequencies.

Reflections Strongly reflecting surfaces should be avoided. In some cases this

is not feasible. Usually this is a problem for flows close to solid

walls. Typically the seeding density decreases at positions close

to the wall. Additionally, the surface of the wall generates strong

reflections, which can be seen as a source of noise. The user of the

LDA system has to be aware of this to avoid misinterpretation of

the near-wall flow data.

Seeding density Especially in wind tunnel applications the seeding density has to

be sufficiently high to enable adequate measurements. Further-

more, in regions close to walls less droplets will occur making

measurements of spectra challenging.

Laser power settings The laser power has a significant influence on the measurement

results. Close to surfaces the reflection of the laser light can be

considered as a noise source detected by the PMT hiding actual

particle transits. When measuring normal to a surface, this effect

is maximized. In this case the laser power has to be reduced

significantly and a longer measuring time has to be planned to

receive a sufficient amount of data for statistical measures.

Spectral analysis When LDA is used to determine a frequency spectrum, the

sampling rate should be as high as possible. Since LDA data are

temporally uncorrelated, certain methods based on“sampling and

hold” algorithms are implemented in LDA software. As reported

by Broersen et al. [54] this method acts like a first-order low-pass

filter. This has an impact on higher frequencies especially in case

of low seeding densities, where the higher frequencies are filtered

out artificially. The user has to be aware of this effect to avoid

misinterpretation of the data.

Table 3.3: Characteristic errors connected to the LDA measurement technique.
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3.1.2.2 Particle-image-velocimetry

Development, basic principle and components

Image-based measurements used to determine the displacement field of solid bodies by

generating illuminated speckle patterns were initially considered by Leendetz [190, 191],

Archbold et al. [16] and Archbold and Ennos [17] around 1970. In 1977 Barker and

Fourney [24], Dudderar and Simpkins [97] and Grousson and Mallick [136] extended this

idea to the measurement of fluid velocities of water flow in pipes and rectangular cells

made of glass seeded by various types of particles. The advent of this planar measurement

technique circumvented the restrictions of the former point-wise measurements. Early

studies already involved pulsed lasers, where the beam was guided through special optical

lenses generating a two-dimensional plane of light in order to illuminate tracer particles.

A camera captured the illuminated particles at two successive moments in time on a

single Agfa-Gevaert 10E75 plate. The resulting fringe pattern of the superimposed images

was used to obtain the velocity field of the flow by scanning point-wise the resulting

displacements. With the knowledge of the time lag between both images the velocity

field was estimated. This method was referred to as “laser speckle photography” (LSP)

laying the foundation for the development of modern “particle-image-velocimetry” (PIV)

with fundamental contributions by [4, 19, 140, 147, 186, 203, 263, 269, 359, 360, 368].

The following description of the PIV techniques is based on the works of Adrian [7],

Prasad [265], Raffel et al. [267] and Westerweel [361, 362]. The standard setup of a PIV

system used for the measurement of two-dimensional flow fields is depicted in Fig. 3.19.
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particle laden flow

lens plane
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Figure 3.19: Setup for mono-PIV measurements. Illustration inspired by Raffel et al. [267].

A special PIV laser generates two light pulses within the time increment ∆t that are

guided through an optic generating a two-dimensional light sheet. Often mirrors are used

to redirect the incoming light sheet to the designated object plane, i.e., the area of interest.
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The flow is seeded by particles in order to receive scattered light that is recorded by a light

sensitive camera. The camera is synchronized with the laser pulses so that two images

are taken at the time instants t1 and t2 separated by the time interval ∆t receiving a

“snapshot” of the instantaneous flow field.

A standard laser for PIV applications is based on the Nd:YAG (neodymium-doped yttrium

aluminum garnet) design shown in Fig. 3.20. In order to generate the shortly timed laser

pulses with identical output intensities, two lasers are joint in a single unit. Nd:YAG lasers

typically emit light at a wave length of λ = 1064 nm generating high output intensities up

to several kilo-joules. Unfortunately, light at this wave length is outside the perceptive

spectrum of the human visual system. To circumvent this safety issue, the initial beams are

sent through a crystal harmonic doubler to receive light at a wave length of λ = 532 nm

shifted from the former infra-red to the green spectrum recognizable by the human eye.

Usually, a large part (about 80 %) of the initial energy is dissipated during the harmonic

doubling process and the subsequent guiding through a complex system of mirrors and

beam dumps (see Fig. 3.20).
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Figure 3.20: Typical design of a pulsed laser used for PIV measurements [267].

A camera based on a charged-coupled device (CCD) sensors is applied to capture the

illuminated particles in the flow focusing at the object plane. Modern systems take

advantage of the “double-frame/single-pulse” or “frame-straddling” recording method. This

technique generates two frames (images) each containing a single laser pulse as illustrated

in Fig. 3.21. The CCD camera and the laser are connected to a synchronizer triggering

each device to receive the desired imaging sequence.

The user has full access to the time separation ∆t between two consecutive images and

the placement of each laser pulse within the exposure time of each frame. This feature

is called “asynchronous imaging”, since the laser pulses are arbitrarily placeable within a

frame. Asynchronous imaging is often necessary to adjust the laser pulses for a particular

flow problem to receive optimum results. Especially the pulse separation time ∆t has to be

adjusted to the flow velocity in order to receive sufficient particle displacements between

both images for the subsequent determination of the flow velocity. To achieve a very short

acquisition time between both frames, the CCD chip consists of photo-sensitive cells and an
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frame 1 frame 2

CCD camera

laser
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Δt

Figure 3.21: The “double-frame/single-pulse” or “frame-straddling” method used in modern PIV
measurements.

equal amount of storage cells. This design allows that the information of the first frame is

instantly passed from the photo-sensitive cells to the storage cells after the first laser pulse.

The information of the second frame is stored on the photo-sensitive cells. After recording

both frames a fast transit from the camera to a storage device (hard drive or RAM) using

a frame-grabber card is processed in order to capture the next image-pair. Usually a large

series of image-pairs are recorded to receive enough data to characterize the instantaneous

and time-averaged flow quantities. The actual determination of the displacement vector

between two frames is calculated by an appropriate software tool. For this purpose, the

evaluation based on cross-correlation functions has become a standard taking advantage

of fast and robust algorithms. The procedure behind the cross-correlation technique is

schematically depicted in Fig. 3.22.
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Figure 3.22: A dominant peak found in the cross-correlation between two interrogation windows
(At

n and Bt+∆t
n ) is used to determine the velocity vector V of the corresponding

grid cell.
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A single PIV measurement is represented by the image-pair of frame A taken at time t

and the successive frame B recorded at time t+∆t. It is important to state that both

frames contain the distribution of illuminated particles as intensity maps. For an optimized

calculation of the displacement field of the particles each frame is subdivided into a grid

of n cells also called “interrogation windows” (IW) or “interrogation spots”. The size of

an interrogation window is defined by the amount of occupied pixels (px) corresponding

to the pixel density of the applied CCD sensor. Usually the interrogation window is

square-shaped containing N ×N pixels. The size and shape of the window can be set

by the user. It determines the spatial resolution of the measurement since each cell will

represent only one characteristic displacement vector as shown in the green grid cell. In

order to receive this displacement vector, i.e., velocity vector, the evaluation procedure

is the following: The magnification of the upper left interrogation window in Fig. 3.22

illustrates the particle distribution within the IW At
n and for the consecutive IW Bt+∆t

n .

The color coding (blue and red) is used to illustrate the displacement of identical particles

in the interval ∆t within the interrogation window. By choosing an appropriate time

interval ∆t the particles will move a short distance within the fixed grid cell. In order

to determine the particle displacement, the CCD sensor converts the information of the

physical particles to discrete pixels. This conversion leads to a digitized map of the particle

image corresponding to its intensity distribution quantized in bit values. Modern CCD

cameras used for PIV have a resolution between 12 and 14 bits (gray-scale). After the

image is stored on a computer a discrete cross-correlation algorithm [361] in the form:

R(∆x,∆y) =
1

N2

N∑

i=1

N∑

j=1

[
At

n(i, j)− A
] [
Bt+∆t

n (i+∆x, j +∆y)− B
]

(3.17)

is applied to the square-shaped IW to receive the signal peak corresponding to the

particle displacements ∆xn and ∆yn. The discrete cross-correlation function R(∆x,∆y)

of equation (3.17) contains the interrogations windows At
n and Bt+∆t

n of the n-th grid

cell. The particles are represented by the individual pixel intensity at the location i and

j connected to the grid cell. Furthermore, N considers the amount of pixels of an IW.

To reduce the influence of the background noise, the average intensities A and B of each

frame are subtracted. The procedure stated in equation (3.17) leads to correlation-pairs

between a particle within the IW. The number of correlation-pairs depends on the amount

of displacement a particle experiences during a double-frame measurement as depicted in

Fig. 3.23.

When the displacement is small a significant amount of correlation-pairs is detected. Larger

displacements lead to lesser correlation-pairs often accompanied with a significant loss of

particles between the interrogation windows. This effect is considered as “in-plane” loss of

correlation-pairs. This drawback was effectively reduced by several methods introduced

by [5, 164–166, 361]. Modern PIV software includes overlapping interrogation windows [363]

expanding the correlation field by a certain amount (usually 50 %) of neighboring pixels

to circumvent the loss of significant correlation-pairs and to avoid biasing effects (see also

121



3. Measurement techniques for FSI

grid cellframe A

frame B

frame A

frame B

grid cell
lost image-pair

small displacements

large displacements

Figure 3.23: Amount of correlation-pairs depending on the particle displacement occurring within
the interrogation window [361].

Table 3.4). From practical experiences with the PIV system, a rule of thumb is derived

stating that at least 10 to 16 particles should be contained within the interrogation window

in order to receive sufficient correlations.

Equation (3.17) is applied to the pixel images in order to receive the peak value of the

cross-correlation. Each pixel in an interrogation window represents a discrete integer

value given by its digital resolution (usually between 12 and 16 bits). At this stage, the

measurement precision is connected to the pixel density on the CCD chip. At lower

densities this may result in a significant measurement errors connected to the pixel image.

Generally, the uncertainty of the measurement based on a pure pixel image is defined by

± 1/2 pixel. To increase the spatial resolution sub-pixel peak finding methods have been

established [201, 202, 238, 239, 275]. These methods are based on three-point estimator

curve-fitting algorithms using for example peak centroid, parabolic or Gaussian functions.

However, the user of the PIV system has to be aware of certain effects connected to

sub-pixel peak finding methods. For example, early introduced centroiding algorithms [11]

are prone to “peak-locking” effects biasing the particle displacement towards integer values.

These biasing effects are significantly reduced by the implementation of a Gaussian function

as presented by Westerweel et al. [364] and Westerweel [361]. The differences of both

sub-pixel peak finding methods are depicted in Fig. 3.24 originally published in [361].

Further improvements of “anti peak-locking functions” (APLF) as reported in [141, 218]

are in constant progress parallel to the ongoing development of the PIV hardware.

Closely connected to the sub-pixel peak determination aspect are the optical effects

occurring between the object plane, the camera lens and the image plane of the CCD
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Figure 3.24: Histograms of a PIV measurement of a turbulent pipe flow [364] using centroid (left)
and Gaussian (right) sub-pixel peak finding methods.

sensor. This is fundamental for the determination of the actual particle image diameter at

the image plane [265]. Figure 3.25 depicts the conversion process of a physical particle pop
located in the object plane to its projection pip detected in the image plane.

object

plane

lens

plane

image

plane

aperture

lop lip

dsdap

𝛿q
pip

dp

Airy disc intensity

distribution𝛿q

𝛿q0

𝛿q0

pop

ψ

ψ

Figure 3.25: Distortion effects occurring during the image acquisition between the object plane
and the image plane due to diffraction.

The configuration considers the length lop between the object plane and the lens plane.

Furthermore, the length lip defines the distance between the lens and image plane. The

lens plane is characterized by its aperture dap. When working with optical systems the

knowledge about diffraction is important. The scattered light (wavelength λ) of the particle
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pop (diameter dp) will pass through the effective circular aperture (diameter dap) in the

lens plane. This will lead to a diffraction pattern referred to as “Airy disk”5 [10] with a

corresponding intensity distribution detected on the image plane. The initial diameter

of the particle dp is converted to the particle image diameter ds equal to the diameter of

the Airy disc. By knowledge of the optical parameters lop, lip, dap an estimation of ds is

possible. The magnification factor M for a linear lens is described by:

M =
lip
lop

=
f

lop − f
(3.18)

expressing the ratio between the image distance lip and the object distance lop or alter-

natively using the focal length f. Usually the image distance lip is set by the geometrical

dimensions of the optical system, i.e., camera and objective. The object length lop depends

on the experimental setup and should be optimized with regard to the camera resolution

and the applied particles. As noted before, the image of the particle will be distorted

by diffraction caused by the circular lens. From diffraction-limited imaging the physical

particle diameter dp will change to the diameter ds of the particle image. The diameter ds
in the image plane can be estimated by:

ds = 2.44 (1 +M)
f

dap
λ (3.19)

where f/dap is the f-number of the camera objective giving the ratio between the focal

length and the diameter of the aperture. The factor 2.44 in equation (3.19) originates from

the calculation of the first root of a Bessel function of the first kind Jα divided by π and

multiplied by 2 to receive the influence of the full angle ψ (see Fig. 3.25). The solution

represents the first darkened ring surrounding the center spot of the Airy disc as shown in

Fig. 3.26.

For the sake of brevity further details regarding this interesting topic can be found in the

literature with recommendations to [47, 149, 233, 367, 372, 394].

The user of the PIV system should be aware of geometric and diffraction effects. Geometric

effects are connected to the magnification of the particle ideally represented by Mdp. By

considering both, magnification and diffraction, an effective particle image diameter de is

determined by

de =
√

M2 d2p + d2s . (3.20)

It is used to estimate whether magnification or diffraction dominates the specific setup.

Two cases are considered:

I: Mdp ≫ ds ⇒ de ≈Mdp - Magnification dominated setup.

II: Mdp ≪ ds ⇒ de ≈ ds - Diffraction dominated setup.

5Named after Sir George Biddell Airy (27th July 1801 - 2nd January 1892): English mathematician and astronomer with
major contributions to optics and celestial mechanics.
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lens
particle

particle image

(Airy disc)

diffraction
λ

dp ds

Figure 3.26: An illuminated particle of diameter dp emits scattered light (wavelength λ) through
a circular lens. While passing through the lens, the light is diffracted leading to an
“Airy disc” observed as alternating pattern of bright and dark concentric rings. The
diffracted particle diameter ds is estimated by the first dark ring surrounding the
center circle.

In anticipation of Section 5.3.3 the dominating optical influence of the experimental PIV

setup used for the study of the flexible hemisphere shall be estimated. For this all relevant

parameters are given by

• lop = 0.6 m

• lip = 0.075 m

• M = lip/lop = 0.125

• dP,DEHS = 0.3× 10−6 m

• f/dap = 50/4 = 12.5

• λ = 532× 10−9 m

The particle image diameter related to diffraction yields ds = 18.25 µm which is further

used for the calculation of the effective diameter resulting in de = 18.25 µm. This leads to

a diffraction dominated system.

Another parameter is the depth of field δq depicted in Fig. 3.25. Illuminated particles

within this region will be in focus leading to sufficient PIV data. The field of depth can be

estimated by:

δq = 4

(

1 +
1

M

)2 (
f

dap

)2

λ . (3.21)

The thickness of the light sheet δq0 should be thinner than the fields of depth in order to

minimize out-of-plane errors due to particles leaving the light sheet from one frame to the

next. The present PIV study has a field of depth of δq = 27 mm, whereas the generated

light sheet spans about δq0 = 10 mm.
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Range of application, calibration and linearity

Particle-image-velocimetry has evolved to one of the leading techniques for complex flow

measurements. Although the fundamental description of the system principles in the

previous section mainly focus on the simple two-dimensional mono-PIV case, modern PIV

systems are capable to gather fully three-dimensional flow field data using the tomographic

PIV (Tomo-PIV) method [107, 298, 314] or similar volumetric principles as discussed

in [137, 224, 344]. Furthermore, advances in micro-PIV [89, 199, 355] make it possible to

examine small-scale processes in miniature flow channels. For example, these applications

are important in order to analyze blood flow in small blood vessels [189, 198, 305].

Hybrid methods adopted from modern numerical approaches, such as subgrid-scale (SGS)

modeling, finds increasing application on PIV-data [303] in order to improve the predictions

of the flow within a grid cell. Also, complex geometrical setups [150] including rotating

components [90], high-speed applications for acoustic noise detection [335] or a combination

of multiple approaches [391] are part of modern PIV.

The calibration of a PIV system depends on the complexity of the setup. Usually, a system

in a mono-PIV setup is relatively simple to calibrate since the measurements are connected

to a single plane. In this case the calibration procedure is straightforward by using a

reference distance in the object plane placed in the center of the thickness of the light

sheet δq0. The reference can be a simple ruler used to relate the physical length xref (in

mm) to the amount of pixels npx along the reference distance. This procedure is depicted

in Fig. 3.27.

N pixel

(reference length)

N pixel1 2 3 4 5 6 7 8 9

(pixels along reference length)

xref 

npx 

xref = 100 mm

npx = 26 px

acal,PIV = 3.846 mm/px

Figure 3.27: Calibration of a mono-PIV setup setting the physical reference length xref into
relation with the amount of pixels npx along xref yielding the calibration factor
acal,P IV .

The reference length is for example xref = 100 mm with the corresponding amount of pixels

npx = 26 px leading to a calibration factor of acal,P IV = 3.846 mm/px. The calibration

factor depends on the object distance lop. At shorter distances the ratio xref/npx will
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decrease leading to an increased spatial resolution. This distance is especially important

when measuring turbulence characteristics. Here, small-scale flow structures are of major

relevance to correctly resolve the turbulent behavior.

Lavoie et al. [187] discussed the importance of setting the spatial resolution of the PIV

system with regard to its appropriate object distance lop to the laser light sheet. To receive

a sufficient resolution of the small-scale turbulence, it is necessary to adjust the size of the

interrogation window used by the correlation algorithm. The study recommends to scale

the expansions of the IW according to 5 η in order to receive a sufficient resolution of the

fine-scale turbulence. Here, η is the Kolmogorov length defined by η = ν3/4/ǫ1/4, where ν is

the kinematic viscosity and ǫ the turbulent dissipation rate. Direct measurements of ǫ are

often difficult since all velocity components are required. In the present study the approach

ǫ = −(u/2) (∆ (u′)2/∆ z) initially proposed in [187] is applied for an approximation of η.

This expression includes u as the mean velocity and (u′)2 as a measure for the turbulent

kinetic energy. This simplification is only valid for local isotropic turbulence and leads to

a Kolmogorov length of η ≈ 0.3 mm for the present study as reported in [379].

Linearity of PIV measurements is given by the small displacements ∆ui of the tracer

particles within an IW during the time increment ∆t.

Restrictions and errors

As a purely optical measurement principle PIV has similar restrictions as LDA. The setup

has to be optically accessible which is not always possible. Additionally, the fluid has to

be transparent. Furthermore, when measuring through glass setups optical distortions

caused by shaped glasses have to be taken into consideration carefully.

Table 3.4 lists relevant error sources of the PIV technique. Further literature on errors

connected to PIV can be found in [151].

Error Description

CCD noise Shot noise [297] or Poisson noise is connected to the random arrival

of photons at the CCD detector. It marks the lowest limit of noise

performance in photon detection devices. Photon arrivals follow Poisson

statistics described by σshot =
√
SCCD, where σshot is the shot noise and

SCCD is the actual signal of the detector.

White noise is generated in the output stage of the CCD chip evaluated

by σwhite =
√
4kTBRout, where B is the noise power bandwidth (in Hz)

and Rout is the output impedance (in Ohm). White noise is characterized

by an equally distributed power spectrum.

1/f noise or pink noise is an electronic noise source with a chaotic behavior

in the time domain very similar to turbulent motion. It is characterized

by its decreasing power spectrum according to the power of 1/f with rising

frequency. In a practical applications pink noise is significantly reduced

by increasing the operating frequency (pixel rate) of the CCD chip.
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Dark current noise is connected to thermal conductivity of the material of

the CCD chip (silicon). The term “dark current” originates from the fact

that a small amount of electric current is present in photosensitive devices

even when no photons or other “outside” radiation sources are present.

This type of noise is generally very small. In special cases (infrared

photodetectors [350]) this noise portion is suppressed by additional cooling

of the photosensitive chip.

Randomness Different influencing factors on PIV data were isolated by Prasad et

al. [263] and Boillot and Prasad [41] regarding the location of the peak

value resulting from the cross-correlation method. The peak value deter-

mination depends on the following random factors:

- Non-spherical particles

- Non-uniform particle size distribution

- Variation of illumination intensity across the interrogation window

- Noise of the CCD sensor (see sources listed above)

- Random correlation between particles not belonging to the same pair

- In-plane and out-of-plane loss of pairs

Adrian [6] merged these influencing factors into the single error term

σrandom = c ds, where c is a value depending on the experimental setup in

connection with the particle image diameter ds. Prasad et al. [263] esti-

mated the value of c between 0.05 and 0.1. In this case, the error relative

to the particle displacement ∆r can be evaluated by ǫrandom = cds/|∆r|,
where ∆r =

√

∆x2 +∆y2.

Tracking This error is connected to particles violating the no-slip requirement. It

is minimized by a careful choice of an appropriate tracer material based

on the intended experimental investigation.

Biasing These errors arise during the process of calculating the particle displace-

ment to sub-pixel accuracy. Initially, the peak value of the cross-correlation

is bounded to the resolution of the interrogation window. The intensity

distribution of the IW is connected to discrete pixel values (integer values)

leading to a certain measurement error. In order to avoid this error

sub-pixel algorithms are used to increase the resolution of the location of

the “true” peak value. These algorithms are often based on curve-fitting

or centroiding methods. However, sub-pixel methods are prone to biasing

the value towards the nearest integer valued pixel [263]. Thus, the bias

error is zero when the displaced particle falls directly onto a neighboring

pixel.
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For particle displacements in the range n < ∆r < n+ 0.5, where n is

an integer value, the measured displacement is biased towards n. For a

range n+ 0.5 < ∆r < n+ 1 the biasing is towards n+ 1. This can lead

to so-called “staircase” velocity profiles, where a usually linear velocity

profile, for example in a Couette flow, is observed as step-wise curve.

The elimination of these pixel-locking effects are tackled in the ongoing

optimization of the applied PIV algorithms (see, e.g., [65, 354]).

Gradient High velocity gradients within a IW may lead to strong rotation and

deformation of the flow field accompanied with the loss of correlation

pairs. These errors are handled by the window shifting or overlapping

IWs as described in [217].

Acceleration This error occurs when the local Eulerian velocity within an IW is ap-

proximated by Lagrangian particle displacements. This issue was tack-

led in [41] by suggesting an optimum laser pulse separation increment

∆topt =
√

2 c ds/(M a), where a is the acceleration of the particle. This

relation leads to the problem that a is an unknown quantity and has

to be determined by “trial and error”. Furthermore, since every particle

in the flow exhibits its individual acceleration, it is obvious that this

approximation fails at highly complex flow fields with a wide range of

velocities. In this case it is more practical to optimize the value of ∆t in

accordance with the area of interest within the investigated flow field.

Table 3.4: Errors connected to the PIV measurement technique.

Table 3.5: Comparison of the presented measurement techniques for the fluid velocity.

Feature Measurement technique

CTA LDA PIV

principle heat convection optical optical

data rate > 100 kHz > 50 kHz > 1 kHz

sampling type even uncorrelated bursts even

spatial resolution > 5 µm < 1 mm < 1 mm

spatial parameter wire thickness beam angle camera resolution

calibration mandatory calibration free mandatory

linearity non-linear physically linear linearized principle

costs low high high

system complexity medium high high
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3.2 Structure deformation measurements

3.2.1 Digital-image correlation for structure deformation

Development, basic principle and components

The technique of digital-image correlation (DIC) for the measurement of structure defor-

mations started in the early 1970s [190, 191]. An early study by Stetson [318] outlined the

use of double-exposure speckle photography for structure deformation measurements. The

experimental setup contained a Plexiglas disk deformed by compression loads. The result-

ing fringe pattern of the superimposed images was used to determine the displacements

and strains manually. Early studies using digital images were conducted by Peters and

Ransom [259] and Peters et al. [260] proposing a computer-based method to investigate

two-dimensional displacement fields. The studies included assumptions to use fundamental

continuum mechanical concepts (see Section 2.3.2) in order to derive numerical methods

for the prediction of the displacements and displacement gradients of a deformed material.

Based on these studies Chu et al. [70] outlined the theoretical background of digital correla-

tion methods in detail introducing an interpolation scheme to enhance the spatial resolution

of the pixel based images. Furthermore, basic experiments including uniform translation,

rigid-body rotation and a uniform finite-strain test demonstrated accurate measurements

which were in good agreement with theoretical data. Afterwards, Bruck et al. [55] and Sut-

ton et al. [320, 323] presented major improvements of the DIC technique with an optimized

method for two-dimensional planar deformations including sub-pixel restoration methods

and numerical enhancements in the speed of calculation using a Newton-Raphson method.

Since these significant developments of the DIC technique a wide range of application-based

problems were successfully tackled (see, e.g., [68, 81, 138, 280]) underlining the accuracy

and robustness of this method.

For complex problems three-dimensional DIC has become more relevant in various fields of

structure mechanics. Helm et al. [142] presented an improved method for three-dimensional

surface measurements introducing a stereoscopic setup of cameras. Meanwhile this method

has become a standard in experimental mechanics also referred to as “stereoscopic digital

speckle photography” [325] which is also used in this study.

The fundamental principle behind three-dimensional imaging can be outlined by an epipolar

geometry. This method is explained below and describes the relationship between two

images taken from different points of view looking at the same object as depicted in

Fig. 3.28.

Two cameras represented by the left and the right image planes and optical centers Ol

and Or focus at a given real world point X. Each camera captures X as a projection on

its respective image plane denoted Xl and Xr. In optics it is assumed that points in space

are projected along straight lines. Thus, the distance between X and Xl is characterized

by the line XXl. As a consequence, other real world points (x1, x2 and x3) located on

XXl will be merged in the single point Xl on the left image. The right image plane of
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Figure 3.28: Concept of the epipolar geometry used for stereoscopic measurements.

the second camera sees X as a projected point Xr and furthermore captures all points

that lie on XXl as well due to the other view point of the right camera. This projection

of XXl onto the image plane of the right camera is called epipolar line. Furthermore,

the distance between the projection centers (Ol and Or), i.e., the focal points, of each

camera is known as the baseline passing through the so-called epipoles (el and er). In

fact all possible epipolar lines in one image will intersect at the corresponding epipole.

The real world point X and the focal points (Ol and Or) of each camera form an epipolar

plane. Thus, the projected points Xl and Xr collapse onto the epipolar plane and are

considered coplanar. This relationship is referred to as “coplanarity constraint”. Since the

epipolar plane intersects with the image plane forming epipolar lines, the identification of

a single real world point on both images is reduced to a one-dimensional task which can

be formulated by:

XT
l WXr = 0 . (3.22)

The components of the matrix W represent the orientation parameters of the camera

system. W is formally represented by a 3 × 3 matrix known as the fundamental matrix.

It is formulated in homogeneous coordinates (see [146, 195, 204, 271, 370]) and is used

to relate corresponding points between stereo images. The practical use of homogeneous

coordinates (also called projective coordinates) was introduced by Möbius6 and later

increasingly used in computer vision. Basically homogeneous coordinates are formulated

as higher-order functions to receive their projective characteristics. For example, a point

in homogeneous coordinates is represented as a projection line. Consequently, a line in

homogeneous coordinates is associated with a projection plane. These formulations offer

the advantage that transformations are conveniently solved by pure matrix multiplication.

In the following, homogeneous coordinates are used to describe the general imaging process

of a camera. This is done on the basis of the “pinhole projection imaging model” presented

by Sutton [321] and Sutton et al. [322]. The pinhole principle is an idealized camera model,

6August Ferdinand Möbius (17th November 1790 - 26th September 1868): German mathematician and astronomer with
contributions to geometry and number theory.
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where the actual lens of a camera is represented by a point in space associated with the

optical center of the camera. Typical image distortion effects usually occurring with real

lenses are neglected. It is used to describe the general imaging process of a camera essential

for digital-image correlation depicted in Fig. 3.29.
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Figure 3.29: Schematic representation of the imaging process of a pinhole camera including four
coordinate systems necessary for the projection of the three-dimensional region
around point B onto the image plane (= sensor of the camera).

A pinhole camera is characterized by its optical center O, the focal length f and the center

of the image plane C. The region around the point B on the surface of the illustrated

hemispherical object is used to describe the imaging process. For this purpose, four

coordinate systems are introduced: The world coordinate system (WCS), the camera

coordinate system (CCS), the sensor coordinate system (SCS) and the object coordinate

system (OCS). The WCS corresponds to the coordinates XW , YW and ZW . In practice,

the WCS is defined during the calibration procedure of the camera system. Usually a

planar plate (calibration target) with a pre-defined geometrical reference grid including

fiducial marks is used to generate the WCS in the image plane of the sensor. Afterwards,

the orientation of the ZW -axis is derived from the direction of XW and YW .

The camera coordinate system (CCS) is defined at the pinhole O with XO and YO aligned

with the sensor coordinate system (SCS) axes XS and YS. The ZO-axis is intersecting

perpendicularly at the center of the image plane at point C (Cx, Cy). The distance OC is

the focal length f. The sensor coordinate system (XS, YS) is located in the image plane

with units measured in pixel, i.e., the allocation of each pixel on a CCD/CMOS chip. In a

calibrated stereoscopic camera setup the three-dimensional position of a point in space

can be sufficiently reconstructed from the two sensor coordinates gained from each camera

image to receive the depth information. For the complete description of the imaging
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process an object coordinate system (OCS) (Xob, Yob and Zob) is useful as reference for the

user. In general the origin of the OCS is set arbitrarily. In the schematic illustration of

Fig. 3.29 it is located at the intersection between the optical axis and the surface of the

hemispherical object.

The introduced coordinate systems are now brought together in order to formulate a

transformation procedure which sets camera, sensor and world coordinates into relation.

On the basis of the pinhole camera model the principle of the DIC technique is explained in

the following. This is necessary to outline the fundamental relation between the so-called

“intrinsic parameters”, which are associated to the camera system (focal length, tangential

and radial distortion), and the“extrinsic parameters”which are described by the translation

vector and the rotation matrix. The following procedure presented is closely oriented at

the approach used by Sutton et al. [321].

Referring to Fig. 3.29, the location of point B in the WCS is defined by the position vector

rTB =
(

XW YW ZW

)

. (3.23)

Furthermore, the origin of the WCS in camera coordinates is given by the translation

vector:

tTO =
(

tx ty tz

)

. (3.24)

The position of point B in the CCS is derived by the position vector:

ST
B =

(

XB YB ZB

)

. (3.25)

By applying homogeneous coordinates a relation between the position of point B in the

CCS and WCS can be written by:
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(3.26)

where an additional “dummy coordinate” is introduced in order to receive an expression

purely based on matrix multiplication. The components Rij of the first matrix on the right

side correspond to the rotation matrix R between the WCS and the CCS. The rotation

matrix R can be formulated using different approaches. A convenient way to describe the

rotation of a body is offered by the Euler angles θx, θy and θz. For example, the z − y − x

133



3. Measurement techniques for FSI

(“yaw-pitch-roll”) formulation offers a practical solution by:

R =







1 0 0

0 cos θx sin θx

0 − sin θx cos θx







︸ ︷︷ ︸

rotation around ZW -axis







cos θy 0 − sin θy

0 1 0

sin θy 0 cos θy







︸ ︷︷ ︸

rotation around YW -axis







cos θz sin θz 0

− sin θz cos θz 0

0 0 1







︸ ︷︷ ︸

rotation around XW -axis

(3.27)

The projection of the object point B onto the image plane is marked by the point P (see

Fig. 3.29). It is the intersection point of the vector SB with the image plane. With the

knowledge of the focal length f, the projection of point B onto the image plane can be

written in the CCS by:
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, (3.28)

where X, Y and f correspond to camera coordinates. Reformulating equation (3.28) again

using homogeneous coordinates yields:
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, (3.29)

introducing the scale factor Λ = ZB in order to eliminate ZB from the projection matrix

and thus avoiding a non-linear solution process otherwise necessary for equation (3.28).

However, a connection between the CCS and the SCS is necessary since the image data will

be recorded in the sensor plane. The image plane in Fig. 3.29 represents the actual sensor

plane of a CCD/CMOS based camera. It is assumed that the optical axis of the CCS is

intersecting at the center of the image plane at point C. For a given CCD/CMOS sensor

the positions of Cx and Cy in terms of pixel location are known. Thus, a transformation

between the camera and the sensor coordinates is possible. Furthermore, the scale factors

λx and λy (unit: px/m) are used to relate sensor coordinates given in pixel to physical

distances in the image plane. In case of non-orthogonally allocated rows and columns

in the sensor plane a skew factor has to be considered denoted s. Taking all the stated

parameters into account leads to the following transformation:
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. (3.30)

Equation (3.30) states the relationship between the physical coordinates in the CCS and

the sensor coordinates in pixel using the appropriate transformation matrix. Assuming

that rows and columns of the applied sensor are orthogonal, the skew factor is set to s = 0.

In this case the sensor coordinates can be formulated as scalar values by:

XS = Cx + fλx
R11XW +R12 YW +R13 ZW + tx
R31XW +R32 YW +R33 ZW + tz

(3.31)

and

YS = Cy + fλy
R21XW +R22 YW +R23 ZW + ty
R31XW +R32 YW +R33 ZW + tz

(3.32)

From equation (3.31) and (3.32) six independent parameters arise: The three rigid body

displacements (tx, ty and tz) and the three rotational measures (θx, θy and θz). These are

known as “extrinsic parameters” connected to the parameters of the translation vector t0
and the rotation matrix R. These parameters are gained during the calibration process

of the camera system. Thus, changing the position of the camera system will lead to an

alteration of the extrinsic parameters making a re-calibration necessary. In contrast to

this, f, Cx, Cy, s, λ and the optical characteristics of the applied lens are parameters of

the camera. These are known as “intrinsic parameters”.

In the former description a simple pinhole characterizes the optical system of the camera.

In practice, a variety of lenses are used for different purposes depending on the experimental

requirements to achieve the desired images. Typically, lenses generate a certain image

distortion, where the position of a point deviates between the actual image compared

to the idealized pinhole model. Compensation methods for lens distortion have been

successfully tackled and applied to practical applications, e.g., see [72, 266, 316, 395].

Usually this is achieved by using mathematical models of a specific lens in combination

with calibration images in order to compensate for lens distortion [321, 392]. Also methods

for blind removal of lens distortion are suggested [110], which are practical when sufficient

calibration data are not available.

The typical experimental setup of a DIC system with stereoscopic camera configuration

for the measurement of three-dimensional structure deformations (DIC-3D) is depicted in

Fig. 3.30.

The setup comprises two synchronized monochromatic CMOS cameras. CMOS (comple-

mentary metal-oxide semiconductor) sensor are based on the same principle as CCD chips
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Figure 3.30: Schematic setup of a DIC-3D system.

but exhibit a massively parallel read-out of the pixel information, i.e., faster line-scanning,

making these chips often first choice for high-speed applications. Furthermore, the reduced

band width of CMOS chips results in lower noise characteristics. Each camera consists

of an optical lens followed by the sensor unit. The camera lens projects the gathered

light onto the CMOS chip where the data is converted to a digitized pixel image. The

captured image is stored as a gray-scale intensity distribution. The utilized cameras are

mounted onto a rigid bar. This enables a fixed spacing of the cameras defining the baseline

vector between the sensor planes. The angle set between both cameras has an impact

on the actual correlation area, in which both cameras view the same region denoted as

“overlapping area”. From practical observations [321] the angle should be set between

40°-90° to receive sufficiently altered view points between both cameras.

Depending on the required temporal resolution of the measurement, i.e., the frame rate

(fps) of the camera system, appropriate light sources are used to illuminate the surface

of the specimen. In high-speed (HS) applications the required light intensity increases in

order to guarantee a sufficient illumination of the images at fast shutter times. The applied

frame rate has an impact on the spatial resolution of the camera: With increasing fps the

spatial resolution has to be reduced since otherwise the data handling is not possible. To

enable a rapid acquisition of the images internal storage devices are installed into each

camera collecting data while measurement. Afterwards, the images are exported to a

workstation for processing.

Similar to PIV the DIC systems use cross-correlation algorithms to determine the dis-

placement field between two subsequently taken images. In order to receive sufficiently

correlated data a speckle pattern is applied onto the surface of the specimen depicted in

Fig. 3.31.
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0.5 mm

Figure 3.31: Typical speckle pattern used in digital-image correlation.

A speckle pattern is considered as a random dot pattern with a sharp contrast. This

procedure has become a standard method in DIC since the applied correlation algorithms

work efficiently on such data sets. In practice the speckle pattern can be generated

by simple spray cans or airbrush systems with special nozzles. The latter are used in

demanding cases to gain more control over the size and density of the speckle pattern.

This is important when matching the working distance to the measured object with the

the spatial resolution of the camera.

Determination of displacements and accuracy

Structure deformations are calculated by comparing two subsequent images in time to

determine the displacement field. Usually the undeformed configuration is chosen (see also

Section 2.3.2) as the reference, which is then compared to the deformed state schematically

depicted in Fig. 3.32.

subset array

image planes

lens plane

object

surface

x y

z

speckle

pattern

x y

z

correlation

region

reference configuration at deformed configuration at t0 t0 +∆t

deformed subsets

Figure 3.32: Schematic representation showing the determination of the structure deformation. A
reference configuration (undeformed structure, left) is compared with an arbitrarily
deformed state (right). An array of subsets is used to calculate the undergone
displacement from t0 → t0 +∆t.
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Both cameras focus on the surface of the object which is endowed with a sufficient speckle

pattern. The reference image is taken at time t0. Assuming that the system is calibrated,

the user defines a coordinate system typically oriented at a known location, for example at

the center of the body. Afterwards, the reference image is compared with a deformed state

of the structure at t0 +∆t in order to receive the displacement and gradient field. For this

purpose, the definition of so-called “subsets” is an important method in DIC. These are

used to calculate the displacements within a small local area. The basic scheme behind

this concept is shown in Fig. 3.33.

In a first step (I) an image of the undeformed structure is generated used as reference for

the determination of the structure deformations. After this is accomplished, the definition

of subsets is made (II). A subset is defined by its dimensions measured in n×n pixels,

similar to the previously discussed interrogation window used in PIV. The user of the

DIC system usually defines the size of the subset for the specific measurement. The

amount of subsets defines the spatial resolution of the measurement. It depends on the

requirements of the experimental problem investigated and the resolution of the camera

system applied. Next, the centers of each subset are determined (III) marked by red

dots. Also the intersection point (red point in the middle) of the neighboring subsets are

taken into account and later located in the displacement field. The deformation between

the reference and the actual subsets are determined (IV) in order to receive the updated

location of the center points. Finally, the resulting displacements (V) between the center

points (yellow arrows) are calculated by using the calibration data of the camera setup.

reference pattern definition of subsets determinate centers

correlate deformed subsets

with reference subsets

calculate displacement field

(I) (II) (III)

(IV) (V)

Figure 3.33: Basic DIC scheme used to determine the displacements between the reference and
the deformed configuration.

The procedure presented in Fig. 3.33 is based on so-called “registration algorithms” which

are used to determine the displacements with sub-pixel accuracy. In the past several
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methods have been developed to perform this task. Three types of sub-pixel algorithms

are commonly used in DIC:

• Curve-fitting methods based on correlation coefficients

• Gradient-based methods

• Iterative Newton-Raphson (Levenberg-Marquart) methods

A practical study by Bing et al. [34] compared these three algorithms and suggested the

Newton-Raphson method introduced by Bruck et al. [55] as the most efficient type in terms

of sub-pixel accuracy and numerical stability. This type of algorithm is also implemented

in the software used for the DIC measurements in this study. Thus, a brief review of the

basic idea behind this method is given. Figure 3.34 depicts the DIC registration procedure

in detail.
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Figure 3.34: Registration of a subset from the reference to the deformed image.

The graph illustrates the displacement and deformation of a subset from the reference

configuration to a deformed state within the x-y coordinate system, usually connected to

the sensor plane. The area of a subset is typically of the size (2n+ 1)× (2n+ 1) pixels

enabling a defined location of the center point. The subset contains the gray-scale intensity

distribution as discrete pixel values recorded by the CMOS chip. The utilized algorithm

allocates a center point P to the reference subset. The distance between the center point

P and an arbitrary point Q(x, y) within the subset is characterized by ∆x and ∆y. After

a structure deformation has occurred the algorithm searches for the deformed subset by

139



3. Measurement techniques for FSI

searching for the center point P ′ which has shifted by the distances κ and ψ. Furthermore,

the point Q′(x′, y′) is located at:

x′ = x+ κ+
∂κ

∂x
∆x+

∂κ

∂y
∆y (3.33)

and

y′ = y + ψ +
∂ψ

∂x
∆x+

∂ψ

∂y
∆y . (3.34)

The tracking is accomplished by a sum-of-squares correlation function [34, 55]:

C(P) =
n∑

x=−n

n∑

y=−n

[f(x, y)− g(x′, y′)]
2

(3.35)

where f(x, y) and g(x′, y′) are the intensity distribution (= discrete gray-scale values within

the subset) at the reference and the deformed state. Furthermore, the correlation function

C(P) depends on the vector:

P =

(

κ,
∂κ

∂x
,
∂κ

∂y
, ψ,

∂ψ

∂x
,
∂ψ

∂y

)T

. (3.36)

When the initial gray-scale distribution of the reference subset defined by f(x, y) reaches

maximum similarity at the deformed subset g(x′, y′), equation (3.35) is minimized and the

correlation function C(P) is calculated. Equation (3.35) can be efficiently solved by an

iterative Newton-Raphson method as suggested by Bruck et al. [55]. This procedure is

applied to a whole array of subsets covering the measurable surface (overlapping area) of

a body.

Afterwards the displacement field is determined by calculating the difference in position

between the reference and the deformed center points of the subsets. Arbitrary points in the

subset are calculated accordingly with sub-pixel accuracy of about 0.01 pixel. The obtained

values are considered as the structure displacements ∆x, ∆y and ∆z. Furthermore, the

gradients of the displacements are stored in order to determine the strain distribution. For

this purpose, the strain calculation presented in Section 2.3.2.2 following equation (2.39) is

used. This formulation takes second-order terms into account necessary for large non-linear

deformations. Since DIC is restricted to surface measurements the common approach

is to calculate the strain from the deformation of the two-dimensional subset neglecting

the third component. This results in the following set of formulations (see Bonet and

Wood [46]) to gather the normal strain components:

εxx =
∂Φx

∂x
+

1

2

[(
∂Φx

∂x

)2

+

(
∂Φy

∂x

)2
]

(3.37)
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εyy =
∂Φy

∂y
+

1

2

[(
∂Φx

∂y

)2

+

(
∂Φy

∂y

)2
]

(3.38)

and the shear strain component:

εxy =
1

2

(
∂Φx

∂y
+
∂Φy

∂x

)

+
1

2

(
∂Φx

∂x

∂Φx

∂y
+
∂Φy

∂x

∂Φy

∂y

)

. (3.39)

In this form Φx = x′ − x and Φy = y′ − y are the displacements occurring between the

reference and the deformed configuration. The reference position is considered by setting

x = x− 0 = xref and y = y − 0 = yref. The general strain values can be used to determine

principal strain values in order to receive minimum ε1 and maximum ε2 strains of the

measurement by:

ε1, ε2 =
εxx + εyy

2
±

√
(
εxx − εyy

2

)2

+ (εxy)
2 (3.40)

Range of application, calibration and linearity

Digital-image correlation for structure deformation is a non-contact optical technique. It

offers full-field displacement and strain measurements in sub-pixel accuracy. Since the

method is based on an optical system, the experimental setup is freely scalable. DIC can

be operated with multiple cameras to measure complex three-dimensional geometries. The

temporal resolution of DIC is only depending on the hardware specification of the applied

camera system. This makes DIC the right choice for highly dynamic deformation and

vibration analysis. Modern DIC systems offer a user friendly, straightforward and time

efficient calibration method which is briefly presented in the following.

A fundamental aspect of DIC is the calibration of the camera system especially in case

of a stereoscopic setup. Figure 3.37 illustrates the schematic DIC setup of a stereoscopic

camera system similar to the single camera system described before.

In this case, two cameras are represented again using the idealized pinhole model including

CCS, SCS and WCS. Once more point B is observed on the surface of an obstacle from

two different view points. As described earlier, the distance between the origins of the

camera coordinate systems forms the “baseline vector”. In a given experimental setup

the baseline vector is known. It forms the epipolar plane defined by the points O1-O2-B.

The intersections of the epipolar plane with the image planes correspond to the epipolar

line. With the formally introduced coplanarity constraint expressed by equation (3.22) the

points P1 and P2 must lie on these epipolar lines. However, the correct detection of points

P1 and P2 are related to the extrinsic and intrinsic parameters of the system gained from

the calibration.

Typically, two-dimensional flat plates with a defined pattern applied to the surface are
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Figure 3.35: Schematic representation of the imaging process in a stereoscopic setup.

used, such as an array of equidistant dots or a checkerboard. The latter is schematically

shown in Fig. 3.36 illustrating the calibration setup of a stereoscopic system.
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Figure 3.36: Calibration procedure of a stereoscopic DIC system using an appropriate calibration
target (flat plate) building a bridge between the two cameras. The origin and
orientation of the calibration coordinate system is marked by dots. The target
represents the x-y−plane, where the z-component is determined in the calibration
process.

The calibration procedure is the key task in the process of gathering three-dimensional DIC

data. It is applied to receive the metric information used to relate the ideal pinhole model

to the actually used camera system in order to determine the position and orientation of

the cameras considering a reference coordinate system. The calibration process brings

the extrinsic and intrinsic parameters into a physical meaningful reference frame. For

this procedure, a sufficient amount of calibration images is recorded, bundle adjustment

algorithms [336] are used to determine the orientation and position of the calibration

target in each image. Bundle adjustment is a mathematical method to minimize the

142



Structure deformation measurements

so-called “reprojection error” [119, 290, 316] between the pinhole model and the actually

observed image by using objective functions [321]. The interested reader is referred to the

relevant literature in this field. Nevertheless, a schematic representation of the calibration

procedure is depicted in Fig. 3.37.
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Figure 3.37: Calibration procedure of a DIC system: It usually includes an optimization algorithm
based on bundle adjustment. For this purpose, a series of images (1,2,...,N) are taken
relating measured values to predicted image locations. Often a checkerboard pattern
with given size (here: a × a) is used as a physical reference for the calibration
process. The pixel at the center of the image plane (marked in red) is used as the
reference point on the sensor plane.

A series of images (1, 2,..., N) of the calibration target at different positions (angles,

translations) within the sensor plane is recorded. The geometrical properties of the

calibration target such as the size of the checkerboard pattern are defined and saved as

template within the processing software. The orientation of the target with reference to

the center point of the image plane is assured due to the applied dot pattern marking the

world coordinate system. From this procedure the extrinsic parameters are received and

connected to the intrinsic camera characteristics.

Furthermore, an actual image of a successful DIC calibration is presented in Fig. 3.38 to

provide an impression of the procedure.

Restrictions and errors

Digital-image correlation requires optical access to the measured object. In high-speed

applications a proper light source is necessary to illuminate the measured area. The

quality of the measurement is also connected to the applied speckle pattern. In larger

setups this may render a limitation of the spatial resolution since the pattern has to be

scaled accordingly. Furthermore, a three-dimensional setup is sensitive towards positioning

out of its calibrated state. Small displacements of the camera position can cause a
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Figure 3.38: Actual DIC image after successful calibration. All intersection points of the checker-
board are found. The marked dots provide the orientation of the x-y–coordinate
system.

complete re-calibration of the system. Lenses and calibration targets have to be chosen

carefully according to the measured obstacle. Furthermore, DIC is restricted to surface

measurements revealing no information on the inner displacements or inner strains of a

material.

Common error sources related to the DIC technique are listed in Table 3.6.

Error Description

CMOS noise These error sources are already discussed in Table 3.4. The previously

discussed noise sources of a CCD chip are also valid for the CMOS sensor.

In detail the CMOS sensor has a lower noise since its band width is

smaller than that of a comparable CCD chip.

Speckle pattern The speckle pattern has to be adjusted to the requirements of the mea-

surements. At a given camera resolution and a fixed distance between

camera and object, a sparse distribution of dots will only correlate on

large subsets. This lowers the spatial resolution. Furthermore, a too dense

speckle pattern will loose contrast leading to no correlations.

Subset size The subset size depends on the spatial resolution of the applied camera

system (CMOS chip). The resolution of the CMOS limits the image size,

i.e., the working distance. The user has to define the appropriate subset

size based on the camera system and the applied quality of the speckle

pattern.
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Assuming a given speckle pattern: At a high camera resolution and a

relatively short working distances, the subset size has to be large enough

to contain a portion of the speckle pattern. When decreasing the size of

the subset in order to improve the spatial resolution, it may occur that

the subset just contains one or even no speckle point. This will lead to

uncorrelated data.

Lens distortion Inappropriate lenses may cause larger distortions such as a fish-eye

lens [295]. Nowadays, a large set of models of different lens types are

implemented in the DIC software to efficiently restore distorted data.

Depending on the system the user has to be aware of this issue.

Sub-pixel algorithm The chosen type of sub-pixel algorithm will have an effect on the accuracy

of the measurement [34, 321, 322]. The commonly implemented sub-pixel

algorithms, like the Newton-Raphson method, offer a sub-pixel accuracy

better than 0.01 pixel under optimized conditions. Errors originating

from sub-pixel models can be compensated by using a camera system

with high spatial resolution.

Table 3.6: Errors connected to the DIC measurement technique.
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Setup of the Experiments
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4. Experimental case

This chapter presents the experimental case of the investigated FSI problem. All relevant

parameters are introduced in detail. First, the two main setups regarding the rigid and the

flexible hemisphere are presented. After this, the properties of the turbulent boundary layer

are discussed, since it is an important feature largely influencing the global characteristics

of the flow field. Finally, all relevant physical quantities necessary to characterize the

fluid-structure interactions of the flexible hemisphere are presented.

4.1 Definition of the experimental cases

4.1.1 Reference case – Rigid hemisphere

The reference experiment for the subsequent FSI investigations is depicted in Fig. 4.1.

z
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Figure 4.1: Schematic representation of the rigid hemisphere exposed to a fully developed tur-
bulent boundary layer [82, 374, 375, 377–380] used as the reference for the FSI
study.

A rigid hemispherical obstacle with a base diameter D is placed on a horizontal plane.

The surface of the hemisphere and the plane are considered ideally smooth. The origin

of the reference frame is located at the center of the base area of the hemisphere, where
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x denotes the streamwise, y the spanwise and z the wall-normal direction. Points on

the surface of the hemisphere which are located in the symmetry plane are furthermore

defined by the angle ϕ. Its value is given in degree and counted in mathematically positive

order starting at ϕ = 0 for the surface point P0(x, z) = P0(0.5, 0) in respect to the given

coordinate system. The rigid body is fully immersed into a thick turbulent boundary layer.

The thickness of the TBL matches the height of the hemisphere δ = D/2 at an upstream

distance of x/D = −1.5 (normalized by the diameter of the hemisphere).

The Reynolds number of the air flow (ρair = 1.225 kg/m3, µair = 18.27× 10−6 kg/(m s)) is

defined by Re = ρairDU∞ / µair = 50,000, 75,000 and 100,000. U∞ is the undisturbed free-

stream mean velocity in x-direction outside the boundary layer at standard atmospheric

conditions. The Mach number is low (Ma ≤ 10−2) and the air flow is assumed to be

incompressible. Moreover, the fluid is considered isotherm at room temperature (ϑ ≈
20◦C).

The data of this configuration are used to compare the fully rigid with the elastic hemisphere

to characterize the interaction between the turbulent flow and a highly flexible structure.

The FSI case is described in the following.

4.1.2 FSI case – Flexible hemisphere

The experimental case of the flexible hemisphere is illustrated in Fig. 4.2.
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Figure 4.2: Definition of the experimental case of the thin-walled flexible hemisphere in a turbulent
boundary layer flow [82, 375, 377–379].

The flexible hemisphere comprises the identical expansions (diameter D), frame of reference

and upstream flow condition as the reference case. The flexible hemisphere is a thin-walled

membranous structure with the material thickness tmembrane. The properties of the applied

material are defined by the density ρmat, Young’s modulus Emat, Poisson’s ratio νmat and

damping characteristics bmat. The mass of the hemisphere is affected by the gravitational
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acceleration g pointing vertically downwards. In order to achieve the hemispherical shape of

the structure, a gauge pressure pop− p∞ = ∆pFSI is necessary. Here, p∞ is the atmospheric

pressure, whereas pop is the operating pressure inside the hemisphere. This pressure

difference pre-stresses the membrane and enables the structure to withstand the applied

wind loads. The Reynolds number is already defined in the reference case, since the flow

conditions are identical.

4.2 Boundary conditions

4.2.1 Turbulent boundary layer

Complex experimental studies require clearly defined boundary conditions in order to

establish a reproducible working frame. Commonly, these boundary conditions are pre-

defined on a theoretical basis and afterwards transferred to the experimental setup.

Especially in fluid mechanical experiments a precise definition and reproducibility of the

boundary conditions is required, since even small deviations can lead to significant changes

in the global flow field. In the present study, the approaching TBL is considered as a fixed

boundary condition for both cases (rigid and flexible). Thus, it renders a crucial feature of

the flow problem and has to be treated carefully. A schematic representation of the main

features of the desired TBL are qualitatively depicted in Fig. 4.3.

δ
=

U∞ z( (
1/7ui

U∞
free stream

TBL

z/δ

ui/U∞
δ

Reynolds normal stresses

z/δ

U∞u'u'( (i
U∞w'w'( (i

22

U∞v'v'( (i
2

z/δ

U∞u'w'( (i
2

Reynolds shear stress

-
1

Figure 4.3: Schematic representation of the velocity and Reynolds stress distributions in a
turbulent boundary layer used as inflow condition for the present study. Values are
normalized by the free-stream velocity U∞.

The associated velocity and Reynolds stress distributions are pre-defined as follows:

I. The time-averaged velocity profile of the turbulent boundary layer follows a universal

power law ui/U∞ = (z/δ)1/7 scaled by its thickness δ and normalized by the free-

stream velocity U∞.

II. All relevant Reynolds stress components (u′u′/U2
∞, v′v′/U2

∞, w′w′/U2
∞ and u′w′/U2

∞)

are comparable to the characteristics of a naturally developing TBL taken from the

literature or numerical reference simulations such as direct numerical simulations

(DNS).
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III. Assuming two-dimensional characteristics of the TBL, the Reynolds shear stresses

u′v′/U2
∞ and v′w′/U2

∞ are considered to be negligible. It is expected that these shear

stresses will disappear after a sufficiently long time-averaging phase. In contrast

to this, the Reynolds shear stress u′w′/U2
∞ and all normal stresses will remain as a

consequence of its sum of squares formulation given in Table 4.2.

IV. The displacement δ1 and the momentum thickness δ2 of the TBL are applied to

determine the shape factor H = δ1/δ2. H is used to evaluate the development stage

of the TBL. A shape factor of H ≈ 1.3 indicates a fully developed TBL.

The definitions listed above are taken as requirements for the proper setup of the experiment.

4.2.2 Bearing of the flexible hemisphere

The flexible hemisphere is tightly fixed onto the ground plane by a rigid clamping rendering

a rigid-body movement of the base area impossible. The location of the rigid and the

flexible hemisphere is therefore identical.

4.2.3 Gauge pressure settings

The gauge pressure inside the hemisphere is considered constant. It is pre-defined by

the dynamic pressure pdyn = ∆pFSI = 1/2 ρair U
2
∞ of the flow evaluated by the uniform

free-stream velocity U∞. Since U∞ changes at each Re, the gauge pressure will change

accordingly. Unfortunately, this leads to a multiple change of parameters. An increase

of the Reynolds number will also affect the gauge pressure ∆pFSI. The reason for this

characteristic dependency is explained in Sections 6.6.1.3 and 6.6.1.4.

4.3 Experimental scope

The wind tunnel experiments are conducted at the three Reynolds numbers 50,000, 75,000

and 100,000. These are chosen to characterize the behavior of the FSI phenomenon at

different flow velocities. For this purpose, a direct comparison between the rigid and the

flexible case at each Re number is considered. Furthermore, the corresponding inflow

conditions are evaluated at each Re without the hemisphere in the wind tunnel to avoid

any influence between the hemisphere and the approaching flow.

Non-dimensional parameters are mandatory for a direct comparison of different flow/de-

formation conditions. The normalization of the data is as follows:

• Quantities of the fluid are normalized by the free-stream velocity U∞.

• Quantities of the structure are normalized by the diameter D of the rigid hemisphere.

The last section summarizes the particular parameters of the experimental case. Further-

more, the definition of the relevant physical quantities used in this study are presented.
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4.4 Physical quantities and parameters

An overview of the specific parameters of this study are summarized in Table 4.1.

Table 4.1: Specific parameters of the experimental study (SAC* = Standard atmospheric condi-
tions).

Parameter Unit Description

D m Diameter of the hemisphere

tmembrane m Thickness of the membranous structure

δ m Thickness of the TBL

δ1 m Displacement thickness of the TBL

δ2 m Momentum thickness of the TBL

ρair kg m−3 Density of air under SAC*

µair kg m−1 s−1 Dynamic viscosity of air under SAC*

ρmat kg m−3 Density of the membranous structure

Emat kg m−1 s−2 Young’s modulus of the structure material

νmat – Poisson’s ratio of the structure material

bmat – Damping coefficient of the structure material

U∞ m s−1 Free-stream velocity

uτ m s−1 friction velocity

p∞ kg m−1 s−2 Atmospheric pressure

∆pFSI kg m−1 s−2 Gauge pressure inside membranous structure

All relevant physical quantities to describe the fluid-structure interaction are given in

Table 4.2.

Quantity Description

x, y, z Cartesian coordinates x, y and z

∆x, ∆y, ∆z Displacements of the structure characterizing its defor-

mation

∆x, ∆y, ∆z Time-averaged displacements of the structure character-

izing its mean deformation

ϕ Angle describing the position of a point in the symmetry

plane. The value of the angle is given in degree and it

is counted mathematically positive related to the given

coordinate system. See also definition given in Fig. 4.1.
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S∆x, S∆y, S∆z The oscillations of the structure are characterized by the

standard deviations of the displacements ∆x, ∆y and

∆z by:

S∆x =

√
√
√
√

1

n− 1

n∑

i=1

(∆xi −∆xi)2

S∆y =

√
√
√
√

1

n− 1

n∑

i=1

(∆yi −∆yi)
2

S∆z =

√
√
√
√

1

n− 1

n∑

i=1

(∆zi −∆zi)2

S∆x,∆y, S∆x,∆z, S∆y,∆z The covariances S∆x,∆y, S∆x,∆z and S∆y,∆z of the struc-

ture oscillations are calculated by:

S∆x,∆y =
1

n− 1

n∑

i=1

[
(∆xi −∆xi)(∆yi −∆yi)

]

S∆x,∆z =
1

n− 1

n∑

i=1

[
(∆xi −∆xi)(∆zi −∆zi)

]

S∆y,∆z =
1

n− 1

n∑

i=1

[
(∆yi −∆yi)(∆zi −∆zi)

]

u, v, w Cartesian velocity components of the fluid

u, v, w Time-averaged velocity components of the fluid

u′u′, v′v′, w′w′ Reynolds normal stresses of the fluid are used to charac-

terize the fluctuations of the flow field by:

u′u′ =
1

n− 1

n∑

i=1

(ui − ui)
2 ,

v′v′ =
1

n− 1

n∑

i=1

(vi − vi)
2 ,

w′w′ =
1

n− 1

n∑

i=1

(wi − wi)
2
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u′w′, u′v′, v′w′ Reynolds shear stresses of the fluid are used to charac-

terize the dependency of the fluctuations between two

flow components:

u′v′ =
1

n− 1

n∑

i=1

(ui − ui) (vi − vi) ,

u′w′ =
1

n− 1

n∑

i=1

(ui − ui) (wi − wi) ,

v′w′ =
1

n− 1

n∑

i=1

(vi − vi) (wi − wi)

Corr(i,j) The standard deviations and covariances can be used as

a measure to compare fluid and structure behavior at

the FSI interface. This is useful when FSI measurements

are carried out in a non-synchronized manner in order to

correlate higher-order statistical values associated with

the fluctuating behavior. In this case, a correlation

coefficient can be calculated following the formulation:

Corr(Ω,Π) =
Cov(Ω,Π)

StdDev(Ω) StdDev(Π)
.

This generates a single value in the range

−1 ≤ Corr(i, j) ≤ 1. A value of Corr(Ω,Π) = 0

indicates no correlation between Ω and Π, whereas

values close to ± 1 correspond to a nearly linear behavior

between the investigated quantities.

R2 The“coefficient of determination”R2 provides the propor-

tion of the variance in the dependent variable predicted

from the independent variable and is defined by:

R2 = 1−
∑

i(yi − fi)
2

∑

i(yi − y)2

where yi is the dependent variable and fi is the predicted

value. In the present study R2 is mainly applied to

qualify the best-fit function used for the calibration of

each measurement technique. A detailed description can

be found in [123].
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Re = ρairDU∞/µair Reynolds number characterized by the diameter of the

hemisphere D, the properties of air (ρair, µair) and the

free-stream velocity U∞.

Reδ2 = ρair δ2 U∞/µair Reynolds number characterized by the momentum thick-

ness of the approaching turbulent boundary layer δ2 =
∫∞
0
u(z)/U∞ [1−(u(z)/U∞)]dz, the properties of air (ρair,

µair) and the free-stream velocity U∞.

St = f D/U∞ Strouhal number based on the characteristic frequency

f , the diameter of the hemisphere D and the free-stream

velocity U∞.

Table 4.2: Physical quantities and derived measures of the experiment.

The next chapter presents the experimental working frame focusing on the detailed

description of each measurement setup and its corresponding technique.
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This chapter discusses the actual experimental setup for each measurement technique

including detailed settings. First, the hemispherical models are presented. Second, the wind

tunnel with its open test section is described. After this, the setup of each measurement

device (CTA, LDA, PIV, DIC and pressure transducer) is outlined including limitations

of the individual setup. Finally, a summary of the conducted experiments is listed as a

reference guideline representing the chronological steps taken towards the measurements

of the desired FSI of the membranous hemisphere in turbulent flow.

5.1 Hemispherical models

The models of the applied hemispheres are presented in Fig. 5.1. The one on the left shows

the rigid hemisphere made of aluminum. The surface is additionally varnished in black to

minimize laser reflections. The model was milled as a single solid body resulting in a total

mass of 2.483 kg. This enables a direct placement of the model without further supports in

the test section of the wind tunnel, since the applied wind loads are not strong enough to

move the rigid hemisphere. Furthermore, the high milling quality offers a smooth surface

with a mean surface roughness of Ra < 0.8 µm.

Figure 5.1: Hemispherical models used in the present study: Rigid model made of aluminum
(left) and flexible model made of silicone (right).

In contrast to this, the flexible hemisphere (right) is manufactured out of silicone in a

casting process. This material enables the required thin-walled structure leading to an

average wall-thickness of tmembrane = 0.16 mm. Since the model is fixed onto a designated
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plate, a pedestal foot is considered marked as red area. The pedestal foot consists of a

short cylindrical extension and a ring area inclined by 90◦ forming the base of the model.

This lower part of the model is fully enwrapped into a specially designed flat plate by

means of a cavity and ring clamp explained in detail in Section 5.2.6. Without the pedestal

foot the hemispherical part of the flexible model has a mass of about 6.22×10−3 kg. For

the DIC measurements a speckle pattern has to be applied to the surface of the flexible

model. The utilized casting process in combination with the speckle pattern result in a

mean surface roughness of Ra < 16 µm. This is almost two orders of magnitude higher

than in the rigid case. However, this roughness is still considered as smooth without

affecting the flow field.

A summary of the characteristics of both models is given in Table 5.1.

Table 5.1: Characteristics of the hemispherical models.

feature rigid model flexible model

diameter D 150 mm ± 0.2 mm 150 mm ± 1.5 mm

material aluminum silicone

surface roughness Ra < 0.8 µm < 16 µm

wall-thickness full body model tmembrane = 0.16 mm ± 0.04 mm

mass 2.483 kg 6.22×10−3 kg

manufacturing process milled casted

surface treatment varnished speckle pattern

Further details on the manufacturing process of the flexible model including the actually

applied material and the quality evaluation are part of Chapter 6.

5.2 Wind tunnel

5.2.1 Main features

The experimental investigations are carried out in a Göttingen-type subsonic wind tunnel

with an open test section depicted in Fig. 5.2. In this setup air is constantly circulating

within an energy-efficient loop design. The fluid is set into motion by a rotating blower

with a maximum power of 4.1 kW. Baffle profiles redirect the flow at the corner segments of

the wind tunnel. The settling chamber contains five sieves used to remove turbulence of the

approaching air flow. After the sieves the air flow is entering the nozzle which is designed

with a contraction ratio of 5:1. The flow accelerates in the nozzle until it reaches the

outlet of the nozzle. The outlet plane of the nozzle is also the inlet plane of the open test

section. The overall usable dimensions of the test section is 800 mm × 500 mm × 375 mm

(l × w × h). The velocity of the air flow at the outlet plane of the nozzle ranges between

5 m/s – 28 m/s. A receiver takes the air flow from the test section redirecting it to the
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(b) Schematic representation of the top view with main components.

Figure 5.2: Wind tunnel – Professur für Strömungsmechanik / Helmut-Schmidt University.

blower and closing the loop. The receiver has a slightly larger cross-section than the

outlet plane of the nozzle in order to prevent significant “pumping”1 effects. Additionally,

so-called “Seiferth plates” can be mounted onto the rim of the nozzle outlet to reduce the

pumping at blower rates larger than 1100 rpm (U∞ = 21.2 m/s). The Seiferth plates are

used to destroy large coherent ring vortices leaving the nozzle associated with pumping.

An example of the setup including Seiferth plates is given in Fig. 5.3.

The left image shows the standard setup of the nozzle without Seiferth plates. A full set

of Seiferth plates mounted onto the outlet of the nozzle is illustrated in the middle picture.

The lower Seiferth plate (purple) is magnified on the right image series to highlight the

zig-zag pattern of the single element. This specific shape enables an efficient inhibition of

coherent vortex structures at the outlet connected to pumping. The significant reduction

of the pressure fluctuations inside the test section between the standard setup and the one

with mounted Seiferth plates is depicted in Fig. 5.4.

1Pumping is an aero-acoustic effect, where the nozzle and the receiver form a fluid oscillator similar to a resonating
musical instrument. It produces a specific tone with large amplitudes, which can be misinterpreted as high turbulence
intensity. In general, pumping effects occur in open test sections strongly depending on the geometric setup between nozzle
and receiver.
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Figure 5.3: Nozzle setup in the standard configuration (left) and with Seiferth plates applied
(middle). Detailed views of the geometry of the lower plate are given on the right.

U
∞

U∞
U∞

(a) Comparison of the velocity fluctuations in the test section between the standard setup and the one with mounted
Seiferth plates.
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(b) Fast-Fourier Transform (FFT) of the velocity signals.

Figure 5.4: Comparison between the standard setup and the setup with mounted Seiferth plates
at a blower rate of 1200 rpm (U∞ = 23.2 m/s).

The graph in Fig. 5.4(a) shows the arbitrary velocity fluctuations inside the test sec-

tion for the standard setup and the setup with mounted Seiferth plates at 1200 rpm

(U∞ = 23.2 m/s) of the blower. Measurements were performed with a calibrated CTA

probe at a sampling rate of 1000 Hz. The graph of the standard setup shows a significant
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sinusoidal characteristic with large amplitudes. This is connected to a strong pumping

effect. Interestingly the mean velocity is not affected by pumping. By only analyzing the

statistical data (time-averaged velocity, turbulence intensity) the velocity fluctuations can

be easily misinterpreted as high turbulence levels. When looking at the time-resolved data,

the effect of pumping is revealed. This becomes more obvious when comparing the data of

the Seiferth plates with the standard setup. Here, a small fraction of the pumping effect

is still visible but is decreased significantly showing also usual turbulent fluctuations in

the signal. A Fast-Fourier Transform (FFT) is used to determine the exact frequency of

the pumping. It is clearly found at 22.3 Hz (corresponding approximately to the tone F0)

taken from a 150 seconds long sample. Again, the dramatic effect of the Seiferth plates is

visible since the amplitude of the FFT is reduced by two orders of magnitude compared to

the standard setup.

Fortunately, the treatment with Seiferth plates is not necessary in the present experiments,

since the blower rates do not exceed 560 rpm (U∞ = 10.24 m/s) which corresponds to

Re = 100,000 of the hemisphere experiments. This simplifies the setup of the flat plate in

the test section. However, pumping is considered during the calibration of the wind tunnel,

which is discussed in the following section. In summary, all relevant design specifications

of the wind tunnel are given in Table 5.2.

Table 5.2: Main specifications of the wind tunnel.

feature dimension

nozzle cross-section 375 mm × 500 mm

length of test section 800 mm

nozzle contraction ratio 5:1

velocity range 5 m/s – 28 m/s

max. velocity deviation with Seiferth plates ± 0.066 m/s at 1200 rpm

max. velocity deviation without Seiferth plates ± 0.5 m/s at 1200 rpm

blower range of significant pumping 1040 – 1280 rpm

pumping frequency 22.3 Hz

free-stream streamwise turbulence intensity (Tu0
u) < 0.3%

5.2.2 Calibration of the nozzle outlet velocity

LDA is used to calibrate the velocity of the air flow entering the test section in the outlet

plane of the nozzle. The corresponding calibration graph and the measurement position

are given in Fig. 5.5. The spot-wise calibration measurement was performed at the center

point (x = 0 mm, y = 0 mm, z = 187 mm) of the outlet plane of the nozzle. Seiferth

plates were applied at a blower rate of 900 rpm. Due to the crossing angle of the laser

beams of the utilized LDA probe, a position of about 12 mm away from the nozzle has to

be maintained. This is illustrated in the side-view sketch affecting the origin of the frame
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Figure 5.5: Calibration chart of the nozzle outlet plane velocity measured in the center of the
outlet plane of the nozzle using LDA (mean velocity) and CTA (turbulence intensity).

of reference which is shifted 12 mm into the test section. The calibration was performed at

a blower range between 300 ≤ rpm ≤ 1260 in increments of ∆rpm = 60. The measured

velocities of the LDA system were correlated with the corresponding rotational frequency

of the blower. A nearly perfect linear behavior (R2 = 0.999) between the rotation rate of

the blower and the velocity at the outlet plane of the nozzle was found.

In a second step, a CTA probe calibrated on the basis of the initial LDA measurements

was used to measure the turbulence intensity at the identical calibration point due to

its superior sensitivity. From this measurement, the free-stream streamwise turbulence

intensity was determined below 0.3 %.

5.2.3 Flow characteristics of the open test section

Usually the usable region of the test section is characterized by a nearly undisturbed

free-stream flow exhibiting low turbulence intensities. When operating wind tunnels with

open test sections, some typically occurring effects have to be taken into account before

starting measurements. The flow leaving the nozzle is comparable to the pipe flow discussed

in Section 2.2.3.2. A shear layer forms as the near-wall flow separates at the outlet plane

from the walls of the nozzle. This shear layer grows with increasing traveling length. This

influences the core region of the undisturbed flow. As an effect the utilizable region of

the test section is constricted with increasing distance from the nozzle. This effect was

carefully analyzed for the test section. The chosen approach to characterize the quality of

the free-stream flow is outlined in the following.

First, the distribution of the turbulence intensity of the streamwise velocity directly

at the outlet plane was measured by CTA as depicted in Fig. 5.6. The graph shows

the region of the jet, where the turbulence levels are below 1 %. This plane ranges
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from -200 ≤ y ≤ 200 mm in spanwise and from 25 mm ≤ z ≤ 372 mm in wall-normal

direction corresponding to the frame of reference given in Fig. 5.5. Near-wall effects of

the rectangular outlet are visible at all four corners. Nevertheless, a large region of the

free-stream flow exhibits low turbulence intensity levels in the range 0.2 ≤ Tu ≤ 0.3 %

following the spot-wise calibration measurement (see Fig. 5.5).

Figure 5.6: Distribution of the streamwise turbulence intensity at the outlet plane of the nozzle
measured by CTA at a blower rotation rate of 540 rpm (U∞ = 9.83 m/s).

Afterwards, the actual influence of the shear layer development on the utilizable region of

the test section was measured for the x-y-plane at a height of z = h/2 = 187 mm within the

streamwise expansions 0 ≤ x ≤ 570 mm and the spanwise expansions -250 ≤ y ≤ 250 mm.

Measurements were carried using LDA investigating four outlet velocities U∞ = 6.18 m/s

(360 rpm), U∞ = 9.83 m/s (540 rpm), U∞ = 13.49 m/s (720 rpm) and U∞ = 19.98 m/s

(1040 rpm). A comparison of the different velocities shows only minor deviations in the

developing shear layer. A characteristic example of the constriction of the usable space of

the test section at the velocity U∞ = 9.83 m/s (540 rpm) is depicted in Fig. 5.7.

The distribution of the time-averaged streamwise velocity u depicted in Fig. 5.7(a) directly

at the outlet of the nozzle x = 0 mm shows no significant change across the complete

spanwise dimension. In contrast to this, the corresponding turbulence intensity of the

streamwise velocity component (Fig. 5.7(b)) indicates significant velocity fluctuations at

the lateral sides of the outlet plane. With increasing streamwise distance from the nozzle

the attenuation of the usable core jet is visible in both graphs. Furthermore, a noticeable

decrease of the core velocity is clearly observable starting at x = 300 mm. However, the

overall performance and utilizable space of the test section satisfy all regular requirements.

Furthermore, the conducted experiments of the hemisphere were performed with a thick
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(a) Streamwise velocity distribution. (b) Turbulence intensity distribution.

Figure 5.7: Distribution of the streamwise velocity u and the corresponding turbulence intensity
of the open test section. The measurement plane is located at z = h/2 = 187 mm.

TBL at the inlet. Considering this boundary condition, a low-turbulence inflow is in any

case of no importance.

Consequently, the next step focused on the generation of the turbulent boundary layer.

For this purpose, special turbulence generators have to be applied to the wind tunnel,

which are discussed now.

5.2.4 Turbulence generators

The test section of the wind tunnel has an expansion of 800 mm in streamwise direction.

This is rather short for the natural development of the required thick TBL. Furthermore,

the available test section space shall be used entirely for the measurements of the flow

field around the hemisphere. For this purpose, the TBL has to enter the test section in an

already fully developed state with the required height δ = D/2. Usually, a long start-up

length is necessary to enable a natural development of a TBL before it reaches the area of

interest. Since this is not possible for the present setup, the transition of the approaching

flow to achieve the desired turbulent boundary layer has to be enforced artificially.

Fortunately, various techniques have been established in the past [75, 188, 285] regarding

artificial boundary layer thickening to mimic the atmospheric conditions in near-ground

flows. Depending on the required thickness of the TBL and the feasible development

length in front of the test section of the specific setup either one or a combination of

several devices are used to disturb the flow. A selection of devices, co-called turbulence

generators, are reviewed and applied in this study [380]. Preliminary studies revealed

that the combination of a fence with equidistant rods [188] (height 0.66D, distance 4.13D)

164



Wind tunnel

followed by a castellated barrier [75] (height 0.3D, distance 3.63D) and a plate with trian-

gular spikes [285] (height 0.1D, distance 2.57D) is able to generate the desired turbulent

boundary layer. Due to the restricted working space of the test section, the appropriate

location, where the vortex generators can be placed, is geometrically limited. Thus they

were placed inside the nozzle as depicted in Fig. 5.8.

The schematic illustration in Fig. 5.8(a) shows the side view of the nozzle. At a specific

upstream location the three vortex generators are placed onto the bottom surface of the

nozzle. In this example, the approaching flow first passes the fence with rods colored in

green which is directly followed by the castellated barrier marked in blue. Both devices

are used to enforce large disturbances in the near-wall flow resulting in vortical structures

that travel towards the triangular spikes used to generate high turbulence intensities in

the near-wall region. The exact positions of the utilized vortex generators normalized

by the diameter of the hemisphere are given in Figs. 5.8(c) and 5.8(b). These setups

are used for the two main measurement campaigns of this Thesis. The setting shown in

Fig. 5.8(c) is applied to the study of the rigid hemisphere at Re = 50,000 [380]. In this

initial study, more than 75 configurations including seven different turbulence generators

are necessary to achieve the inlet profile, which is close to a naturally developing TBL. As

a result of this study, a development length of 4.13D is necessary to enable a sufficient

mixing of the generated turbulence avoiding coherent vortical structures connected to

the geometry of the generators leading to a distorted TBL profile (see Fig. 2.11). The

height of the rods is slightly larger than the desired thickness of the TBL necessary to

achieve a smooth outer region. A castellated barrier is used as the main disrupting element,

whereas the plate with triangular spikes is necessary to generate the near-wall region of

the TBL. The best effect is achieved with a spike angle of 50◦ related to the bottom of

the nozzle. In case of the FSI study [379], a slight modification of the arrangement of

the turbulence generators is necessary according to the illustration in Fig. 5.8(b). This

change in the setup is motivated by the following issues: The FSI study considers three

Reynolds numbers (Re = 50,000, 75,000 and 100,000). When applying the former setup

of the rigid hemisphere (Fig. 5.8(c)) larger deviations at Re = 75,000 and 100,000 are

visible leading to a non-comparable inflow characteristic. This is not desired, since the

inflow has a large influence on the global flow field around the hemisphere. To achieve

a comparable inflow behavior, all three components have to be moved slightly into the

nozzle, i.e., further upstream. Furthermore, the fence with triangular spikes is located at

a distance of 3.37D moving closer to the fence of rods (distance 4.4D). The castellated

barrier (distance 4.04D) is placed on top of the pedestal foot of the triangular spike fence.

An example of the actual setup of the turbulence generators is also visible in Figs. 5.8(d)

and 5.8(e). The latter image is showing the frontal view inside the nozzle. This is the

setup used for the study of the turbulent flow around the rigid hemisphere [380].

The configuration of the turbulence generators discussed here and the corresponding TBL

are the result of an elaborate empirical study. Details (velocity profile and Reynolds

stresses) on the finally used TBL are presented in Section 7.2.1 and 7.5.1.1.
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(a) Schematic cross-section view of the nozzle with turbulence generators [378].
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(b) Sketch of turbulence generators [379].
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(c) Sketch of turbulence generators [380].
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Figure 5.8: Installation of the turbulence generators inside the nozzle of the wind tunnel [378–380]
including detailed locations.
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5.2.5 Seeding medium for optical measurements

An aerosol generator (model: TSI Six-Jet Atomizer 9306) was used in order to generate

Di-Ethyl-Hexyl-Sebacat (DEHS) droplets with a size between 0.2 and 0.3 µm MPPS (most

penetrated particle size) according to the specifications made by Topas2. These spherical

droplets exhibit a long-life span optimized for optical measurement techniques such as

LDA and PIV. In the present setup the droplets are atomized and seeded at the receiver

of the wind tunnel to guarantee a minimal disturbance of the approaching flow.

5.2.6 Setup in the test section

The position of the hemispherical models in the test section is schematically presented in

Fig. 5.9(a). All dimensions are normalized by the diameter D of the hemisphere.

FLOW

1.7 D

5.3 D

2.4 D
2.5 D

flat plate

receiver

nozzle

hemisphere

D

x

z

(a) Dimensions and positioning of the hemisphere in the test section. (b) Example of the setup (rigid case).

Figure 5.9: Position of the hemisphere inside the test section. All dimensions are normalized
with the diameter D of the hemisphere. The frame of reference is located at the
center of the base area of the hemisphere.

The reference frame of the hemisphere is located at a distance of 1.7D from the outlet

plane. This positioning enables the measurement of the TBL at the pre-defined distance

of x/D = −1.5 applying the LDA probe. The restriction is visible in the upper part of the

actual setup in Fig. 5.9(b) showing the closest position of the LDA probe to the outlet

plane at x/D = −1.5. Furthermore, Fig. 5.9(b) depicts the rigid hemisphere placed on

the smooth plate. The flat plate is made of aluminum. Similar to the rigid model the

surface is varnished in black minimizing reflections of the laser during measurements close

to the surface. Since the plate is made of the same material as the rigid hemisphere, an

average roughness Ra < 0.8 µm is measured. The blocking ratio of the hemisphere in the

wind tunnel is approximately 4.7% based on the projected area Ahemi = (π/8)D2 of the

hemisphere and the area of the cross-section of the nozzle.

The incorporation for the flexible model is more demanding since a separately manufactured

plate is necessary [379]. A schematic illustration of the installation of the flexible model on

2https://www.topas-gmbh.de/dateien/prospekt/dehs_prspd.pdf
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(a) Connection of the flexible hemisphere and the flat plate.
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(c) Actual setup of the flexible model.

Figure 5.10: Sketch of the installation of the flexible hemisphere on the flat plate [379].

the specially designed plate is depicted in Fig. 5.10(a). Further details on this particular

setup are discussed in Section 5.3.5.

The dimensions are identical to the plate used in the rigid case. However, the cylindrical

extension (pedestal foot) of the flexible model is enwrapped into a circular cavity milled

into the plate (see Fig. 5.10(b)). The actually installed flexible hemisphere is depicted in

Fig. 5.10(c).

In the following sections the actually applied measurement techniques are presented in

detail.

5.3 Setup of the measurement equipment

5.3.1 Constant-temperature anemometry

Constant-temperature anemometry is presently used to measure velocity fluctuations, i.e.,

power spectra, at chosen monitoring points in the flow field of the hemisphere. Furthermore,

the TBL at the inlet is verified by CTA as a secondary reference, since LDA measurements

are challenging in the near-wall region due to laser reflections and decreased tracer density.

The utilized CTA probes are illustrated in Fig. 5.11 including their specific dimensions.

The general setup with all relevant components including temperature compensation and

the connections to a workstation are presented in Fig. 5.12. Both single-wire hot-film

probes are used for one-dimensional measurements of the velocity magnitude focusing at
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0.13 mm

12.7 mm

Figure 5.11: Hot-film CTA probes applied in the flow measurements. A straight standard probe
(left) is used for one-dimensional flow measurements especially suited for spectral
analysis. The specialized one-dimensional boundary layer probe (right) is used for
the measurement of the TBL.

the streamwise flow component u. The straight standard probe (model: TSI 1201) and the

boundary layer probe (model: TSI 1218) are held by a probe support (model: TSI 1150),

which is connected to the CTA measuring bridge (model: TSI 1750 Constant Temperature

Anemometer). The bridge is designed with a 5:1 bridge ratio offering separate gain and

trim controls to optimize the output signal. For this purpose, a square wave signal can be

applied to the designated input and monitored by an oscilloscope connected to the bridge

output. After the fine tuning process the bridge is operable.

In case of an actual CTA measurement, the signal passes the bridge and is transferred into

a National Instruments NI 9222 voltage input module (± 10 V, 500 kS/s/ch, 16-Bit, 4

channels), which is connected to a National Instruments NI cDAQ-9174 4-slot USB chassis.

In parallel, the ambient temperature is recorded by a Pt-100 temperature sensor which

is connected to a National Instruments NI 9217 resistance temperature detector unit (4

RTD slots, 0-400 Ω, 400 Samples/second/channel). The signal of the Pt-100 is used to

compensate drifts of the CTA probe due the change of the wire resistance caused by a

deviation between the ambient and the calibration temperature of the corresponding CTA

sensor. The signal of the bridge voltage from the CTA probe as well as the temperature

signal from the Pt-100 are transferred to a workstation running with the software tool

LabViewTM. This enables an online visualization of the data stream including further

processing.

The calibration procedure and relevant charts of both CTA probes can be found in

Appendix A.1.1.

5.3.1.1 Measurements with the straight standard probe

First, the main setups of the standard probe are presented. These are used in two cases:

I. Measurement of the power spectral density at two monitoring points in the wake

region of the rigid hemisphere [380] in order to determine characteristic vortex

shedding frequencies and their associated Strouhal numbers.

II. Measurement of the power spectral density at locations close to the oscillating
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Figure 5.12: General setup and signal chain of the applied CTA system including temperature
compensation.

structure of the flexible hemisphere [82, 379] in order to link the velocity spectrum

from CTA to the spectrum of the structure oscillations measured by the DIC system.

The schematic setup of both cases is depicted in Fig. 5.13.
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(a) CTA I: Spectra in the wake of the rigid case.
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(b) CTA II: Near-wall spectra of the flexible case.

Figure 5.13: Main test setups for the measurements with the straight standard CTA probe. Both
cases target at the measurement of highly resolved velocity spectra.

Figure 5.13(a) shows the measurements in the wake of the rigid hemisphere. The CTA probe

is placed at two defined locations in the flow determined as points P1(1.25D, 0D, 0.4D)

and P2(1.25D, 0.37D, 0.16D). These points are chosen on the basis of the investigations

made by Manhart [208] who reports two major vortex shedding processes discussed in
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Section 2.2.3.3 (see Fig. 2.26) linked to specific Strouhal numbers. The CTA measurements

of this case are run at a sampling rate of 1000 Hz. A single data set comprising 10 seconds

including 10.000 data points of the velocity fluctuations from which the power spectral

density (PSD) is calculated. This procedure is repeated for the next 10 seconds period to

gain another PSD which is used to average the data with the previously calculated data set.

An overall acquisition period of 30 minutes is used to receive an adequate time-averaged

frequency spectrum.

The second case is depicted in Fig. 5.13(b), where the CTA probe is placed close to the

oscillating structure of the flexible hemisphere. The velocity spectra are measured at the

pre-defined points on the lee-side of the flexible hemisphere denoted as E75, E60, E45

and E30 (green points). In the present CTA setup the point E15 is not attainable due

to the geometrical dimensions of the probe support. The notation of these monitoring

points follows the geographic direction with the lee-side considered as the east side as

the flow typically passes from left to right (west to east). The number suffix accounts for

the angular orientation of each point measured from the ground. Each monitoring point

is spaced by the interval ∆ϕ = 15◦. The CTA probe is located close to the oscillating

membranous surface at a distance of about 2 mm. This setup is motivated by the fact

that the main FSI measurements carried out by PIV and DIC can not be synchronized

due to their required specifications discussed in the following sections. However, a link

between the fluid and the structure is possible by comparing the power spectral density of

the structure oscillations measured by the high-speed DIC technique with the near-wall

velocity spectra of the CTA data. Matching frequencies in both spectra, CTA and DIC,

can then be linked to certain phenomena such as vortex-induced vibrations or natural

frequencies of the structure.

All CTA measurements are run at a sampling rate of 2000 Hz. An interval of 2 seconds is

set to collect a data file containing 4000 single measurements. From this set the power

spectral density of the velocity fluctuations is calculated online. This procedure is repeated

1000 times to receive an accurate time-independent average of the frequency spectrum at

each measurement point.

5.3.1.2 Measurements with the boundary layer probe

Besides the standard probe a specialized sensor for the measurement of the TBL at the

inlet of the test section is used. The setup for this measurement is illustrated in Fig. 5.14.

The boundary layer is transferred smoothly from the outlet of the nozzle to the flat plate.

At a distance of 0.2D the time-averaged velocity profile and the corresponding Reynolds

stress of the streamwise component are measured by the boundary layer probe. The probe

is connected to a linear traverse system enabling step sizes smaller than 0.05 mm. A

minimum distance ∆zmin ≈ 0.25 mm between the flat plate and the delicate hot-film wire

of the probe is realized by a feeler gauge, which is used to measure the gap between the

plate and the safety rod. A spacing plate with a thickness of 0.2 mm is used to adjust

the lowest possible position of the probe marking the first measurable point in the TBL.
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Figure 5.14: CTA setup for the measurement of the TBL at the inlet of the test section.

This minimum near-wall distance is essential for the estimation of the friction velocity uτ ,

which is necessary to determine the characteristic wall-distance z+. Furthermore, the CTA

measurements are used as a reference for the LDA measurements in order to characterize

the influence of the reflection of the laser light on the near-wall measurements and to

validate the normal Reynolds stress u′u′. The TBL measurements are performed at a

sampling rate of 1000 Hz taking a sample of 500,000 single values for each measurement

point in the velocity profile into account.

In the following section the setup for the laser-Doppler measurements is described.

5.3.2 Laser-Doppler anemometry

The LDA system is used to measure the flow field around the rigid hemisphere at

Re = 50, 000 [380]. These measurements include complete three-dimensional data in

the symmetry plane of the hemisphere as well as a spanwise plane in the wake. The results

serve as a validation base for the numerical simulation based on large-eddy predictions

of the identical setup [52, 86, 380]. Furthermore, the gathered LDA data are used as a

reference device for the subsequent PIV measurements since it was not fully clear from the

beginning whether the desired PIV setup was feasible in the operable space of the wind

tunnel. For this purpose, a comparison between the calibration-free LDA system and the

PIV system is considered.

The general setup of the LDA system is depicted in Fig. 5.15 consisting of a Coherent

Innova 70C argon-ion laser, a three-component Dantec FiberFlow System including Burst

Spectrum Analyzers (BSA) and an Isel traverse as main components.

The water-cooled laser provides a constant laser beam that is guided to a Dantec FiberFlow

transmitter unit. Here, the original beam is split up into three different wave lengths and
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Figure 5.15: Setup of the applied LDA system.

routed via fiber optics to the designated probe head. Due to spatial restrictions in the

wind tunnel the LDA measurements are carried out using solely a 2D probe (wave lengths

514.5 nm and 488 nm). In order to receive three-dimensional data, two configurations of

the probe are considered, which are explained later. The laser reflections of the DEHS

droplets are collected by the photo multiplier (PMT) and transmitted to the BSA. The

BSA units analyze the Doppler signals as described in Section 3.1.2.1 sending the processed

data to a workstation running with the software tool Dantec BSA Flow SoftwareTM3.

To receive three-dimensional flow data in the symmetry plane with the 2D-probe, the two

configurations depicted in Fig. 5.16 are chosen.

optical axis

measuring area

x

z

2D probe

u
v

D

3.5  D

nozzle

(a) Configuration 1: Measurement of the u- and v-
components.

measuring area

2D probe
z

y

u
w

1.67 D

nozzle

(b) Configuration 2: Measurement of the u- and w-
components.

Figure 5.16: LDA measuring area of the flow in the x-z-plane (symmetry plane) around the rigid
hemisphere. Two configurations of the LDA system are necessary in order to receive
three-dimensional flow data with the applied 2D probe.

Figure 5.16(a) shows the first configuration which is used to measure the flow within the

indicated blue area of the x-z-symmetry plane exhibiting the non-dimensional expansions

-1.5 ≤ x/D ≤ 2 in streamwise and 0 ≤ z/D ≤ 1 in wall-normal direction. In this setup the

3https://www.dantecdynamics.com/bsa-flow-software-for-lda-and-pda
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optical axis of the LDA probe is oriented normal to the flat plate making the measurement

of the u- (streamwise) and v-components (spanwise) possible. However, this configuration

is mainly chosen to measure the spanwise velocity v. The main drawback of this setup is

the strong reflection of the laser light close to the wall since a large portion of the scattered

light points directly to the PMT. To avoid this problem, the second configuration is chosen

to collect the streamwise and wall-normal components shown in Fig. 5.16(b). Here, the

streamwise component u is measured by the laser beam pair that is oriented parallel to

the flat plate. This minimizes reflections in the near-wall region. The spatial resolution of

the measurement of the wall-normal component w is restricted by the crossing angle of

the associated beam pair. As the probe approaches the wall, the lower of the two beams is

interrupted by the front face of the flat plate prohibiting the formation of the measurement

volume for the w-component. Thus, the minimum distance is limited to z = 13 mm above

the plate. The entire measurement area contains 2041 measurement points as depicted in

Fig. 5.17. Each point was tracked for 60 seconds, or alternatively, until a total of 50,000

burst counts was reached.
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Figure 5.17: LDA grid in the symmetry plane containing 2041 measurement points.

Additionally, a spanwise plane in the wake of the hemisphere is investigated with the

overall non-dimensional expansions -1 ≤ y/D ≤ 1 and 0 ≤ z/D ≤ 1 at the streamwise

position x/D = 0.5. This measurement plane contains 1239 measurement points with the

identical measurement criterion for each point as in case of the symmetry plane (60 s or

50,000 bursts).

Both configurations are also used to measure the characteristics of the turbulent boundary

layer at the inlet without the hemisphere placed in the test section. The streamwise

component is compared with the CTA measurements which are used as reference data.

The next paragraph deals with the PIV setup used for the main FSI measurements.

5.3.3 Particle-image-velocimetry

PIV is the major measurement technique used for the FSI investigations of the flexible

hemisphere providing unsteady and time-averaged flow information of the whole field.

Thus, it offers an efficient data acquisition compared to spot-wise techniques. Furthermore,
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the applied camera takes advantage of a high spatial resolution not feasible for CTA or

LDA setups.

The main FSI experiments comprise three Reynolds numbers (50,000, 75,000 and 100,000)

for each case, i.e., the rigid and the flexible hemisphere. A schematic representation of the

PIV setup is shown in Fig. 5.18 as frontal (left) and side view (right) sketch.
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Figure 5.18: PIV setup in the wind tunnel including the flexible hemisphere with the pressure
connection.

A CCD camera (TSI PowerViewTM) with a resolution of 29 MP (6400×4400 pixels, 12bit

per pixel) is used in a mono-PIV configuration in order to measure the flow field in the

symmetry plane. In this setup the u- and w-components of the flow are attained. The

camera is mounted onto a traverse that is adjustable in x- and z-direction. It is placed at

a fixed distance y, which is chosen based on the optimal ratio between working distance

and camera resolution with respect to the symmetry plane. As a consequence of this setup,

the PIV data are collected at two traverse positions in order to minimize optical distortion

effects. The total measurement area is sub-divided into two areas as depicted in Fig. 5.19.

The first measurement area focuses at the plane −1.5 ≤ x/D ≤ 0.75, 0 ≤ z/D ≤ 1 and the

second plane at 0 ≤ x/D ≤ 2, 0 ≤ z/D ≤ 1. In a post-processing step both measurement

areas are brought together. An optimum fit with minimal errors is found at x/D = 0,

where the first plane is used for the data range −1.5 ≤ x/D ≤ 0 and the second plane

covers the area 0 ≤ x/D ≤ 2 as depicted in Fig. 5.19.

A pulsed Nd:YAG laser (Litron Nano L PIV, 200 mJ, 532 nm, 15 Hz pulse rate) is used

to illuminate the plane of interest. The light sheet is directed to a rotatable mirror that

is set to an angle of 45◦ redirecting the light sheet vertically to the test section defining

the symmetry plane. The mirror is mounted onto a massive rigid frame avoiding any

disturbances during the data acquisition. The time separation between the laser pulses

is set to ∆tPIV = 50 µs. Due to the high spatial resolution and the corresponding image

size the frame rate between two image-pairs is limited to 0.598 fps (straddle mode). The

camera and the laser are synchronized by a TSI Laserpulse Synchronizer. The processing

of the data is accomplished with the TSI Insight4GTM4 software (Version 11).

4http://www.tsi.com/insight4g.aspx
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Figure 5.19: PIV grid composed of the measurement areas that are brought together to minimize
diffraction effects and to optimize the spatial resolution. The utilized grid contains
of 39,066 grid cells including both areas.

The spot dimensions (interrogation window) are set to 24 × 24 pixels. A calibration factor

of 63.26 µm/pixel leads to an overall cell size of 1.518 mm × 1.518 mm. The determination

of the flow field is calculated using a grid of 39, 066 cells including both areas. Furthermore,

a 50% overlap on a standard Nyquist grid is utilized including a time efficient FFT-

correlation algorithm. For sub-pixel accuracy a bi-linear peak function is applied. In the

final evaluation stage, a post-processing step is used in order to eliminate bad vectors

by neighborhood replacement and local smoothing functions. Each measurement trial

has a sample size of 1500 images-pairs leading to a measurement time span of 2508.31

seconds (≈ 42 minutes) for each PIV trial. This leads to an adequate time-average for the

evaluation of the first- and second-order moments.

A brief characterization of the diffraction effects of the applied PIV setup was already

discussed in Section 3.1.2.2. The corresponding geometrical parameters of the actual

PIV system are depicted in Fig. 5.20 including relevant physical measures additionally

summarized in Table 5.3.

In the next section the experimental setup of the DIC system is presented.

176



Setup of the measurement equipment

lop

lip

llaser

h
CCD chip

y
z

δq0

δq

lens
Dap

λ

𝖋 ∆ tPIV

1/ffps
PIV lasermirror

camera hemisphere

Figure 5.20: Geometrical and optical properties of the PIV setup.

Table 5.3: Main parameters of the PIV setup including camera parameters and laser settings.

measure definition dimension

lip distance between lens and CCD chip (image plane) 75 mm

lop distance between lens and symmetry plane 600 mm

llaser distance between laser outlet and mirror 720 mm

h vertical distance between light sheet and flat plate 850 mm

f focal length 50 mm

M magnification factor of the setup 0.125

dap diameter of aperture 4 mm

δq0 thickness of the light sheet 10 mm

δq field of depth 27 mm

∆tPIV time lag between PIV laser pulses 50 µs

ffps sampling frequency in straddle mode 0.598 fps

λ wave length of the PIV laser 532 nm
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5.3.4 Digital-image correlation

5.3.4.1 Main setup – Flexible hemisphere in wind tunnel

The structure oscillations of the flexible hemisphere are measured by a stereo pair of

SpeedCam MacroVis EoSens (1,696×1,710 pixels, 20 - 285.000 fps, 8 GB RAM) cameras

with high-speed APS CMOS sensors. The main setup is schematically depicted in Fig. 5.21.
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(a) Side view of the main DIC setup.
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(b) Top view of the main DIC setup.

Figure 5.21: Schematic view of the main setup of the DIC measurements focusing on the lee-side
of the flexible hemisphere.

In this configuration the cameras are rigidly positioned on the receiver section of the wind

tunnel focusing at the lee-side of the flexible hemisphere. The receiver itself is mounted

onto a vibration-free rig. The wake flow is of special interest since the corresponding

vortical structures are considered to have a significant impact on the flexible structure

leading to large excitations of the membrane. To record the FSI phenomena adequately, the
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cameras are positioned far apart. This increases the camera angle necessary for an optimal

stereoscopic view gaining a large camera overlap area. The overlapping area is directly

comparable to the DIC correlation area. Two high-power spot lights are illuminating the

speckle pattern on the surface of the hemisphere in order to allow the HS-cameras to

acquire high-quality images at rapid shutter times. The cameras are synchronized and

controlled by the software tool VisArtTM5. This software is responsible for the camera

settings and the acquisition of the data. The attained images are imported by the software

Istra 4DTM6, which is used to evaluate the structure deformation of the flexible hemisphere

from each image-pair. The main measurements of the structure deformations are carried

out at a frame rate of 250 fps with a maximum image resolution of 1503 × 996 pixels.

According to the Nyquist criterion [133, 223, 243] a maximum frequency resolution of

125 Hz of the structure oscillations is measurable. This specific frame rate was chosen

by the following assumption: A preliminary dynamic response test of the pressurized

flexible hemisphere (see Section 6.6.2 and Wood et. al [379]) conducted outside of the wind

tunnel revealed significant natural frequencies of the pressurized membrane in the range

10 Hz ≤ f i
n ≤ 120 Hz. According to this observation it is considered that the unsteady

response of the flexible membrane to wind loads and the corresponding FSI phenomena

(EIE, IIE, MIE) occur within this frequency range. The applied image resolution in

connection with the frame rate, the available memory of the cameras (8 GB each) allows

a data sample of 5611 double images. This covers a total time span of 22.44 seconds for

each trial, which is used for calculating the time-averaged structure deformations and

the standard deviations of the structure oscillations for all three Reynolds numbers. The

DIC subset size is set to 27 × 27 pixels. Furthermore, the sub-pixel accuracy is set to

0.1 pixels. This yields a grid of 6572 cells corresponding to the overlapping area of the

undeformed reference configuration (see also Fig. 7.31). The calibration parameters of the

DIC measurements are found in the appendix in A.1.3.

Two cases are derived from a single measurement to describe the deformation behavior of

the membranous structure excited by the turbulent flow as depicted in Fig. 5.22.

Case 1 (left) measures the unsteady structure displacements ∆x and ∆z along a surface line

defined by the length a = R (5 π/12) where R is the radius of the undeformed hemisphere

(R = 0.075 m) integrated along the angle α = 75◦ = 5 π/12. The length of the line element

is limited by the setup of the camera system, where the structure of the hemisphere

close to the ground lies outside the overlapping area. As described in Section 3.2.1 DIC

measurements are based on a discretized correlation area composed of a finite amount of

subsets. Each subset represents a single displacement vector. Thus, the actual surface

line element is considering the cells values of 72 subsets. The discrete values along the

line element are used to determine the time-averaged deformation on the lee-side of

the hemisphere at the three designated Reynolds numbers. Furthermore, the standard

deviations of each point on the surface line are derived as a measure for the occurring

structure oscillations.

5http://www.hsvision.de/en/products/software/visart-detail
6https://www.dantecdynamics.com/istra-4d-shearography
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Figure 5.22: Main DIC experiment. Left: Case 1 focuses on the time-averaged deformations
and the standard deviations along a surface line in the symmetry plane of the
hemisphere. Case 2 is used to analyze the unsteady oscillations of the flexible
surface at pre-defined monitoring points. Both cases are derived from the identical
data set.

Case 2 (right) focuses at single monitoring points that are defined at certain angular

positions (15°, 30°, 45°, 60°, 75° and apex) along the surface line measured from the ground

upwards. The position of these points was already discussed in Section 5.3.1.1 of the CTA

setup. Furthermore, the previously introduced denomination of the monitoring points

(apex, E75, E60, E45, E30 and E15) connected to the lee-side (= east side) remains the

same. In contrast to the CTA setup, the DIC measurements include the monitoring point

E15. At each point the frequency spectra connected to the structure oscillations are

evaluated in order to determine the structure response to the unsteady wind loads. The

resulting data are used to characterize the FSI problem regarding the effects presented in

Section 2.4.3.

5.3.4.2 Secondary DIC measurements

Besides the main FSI experiments carried out in the wind tunnel, several preliminary tests

were conducted concerning the material properties and the associated behavior of the

utilized model of the flexible hemisphere. These tests comprised the following objectives:

I. Characterization of the material used for the flexible hemisphere including Young’s

modulus, Poisson’s ratio and damping properties.

II. Static behavior of the flexible hemisphere at various gauge pressures.

III. Dynamic behavior of the flexible hemisphere including modal analysis to receive the

natural frequencies response characteristics.

For the sake of clarity, these independent investigations including the corresponding setups

are presented in their respective sections following this chapter organized as follows:

Objective I is discussed in detail in Section 6.5. The exact knowledge of the material

characteristics is essential, since these data are directly transferred to the numerical
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Setup of the measurement equipment

simulations [52, 82, 379] carried out in parallel. These preliminary experiments are

performed in different setups based on standardized methods such as tensile and pendulum

tests.

Furthermore, objectives II and III are presented in Section 6.6 focusing on the static and

dynamic characteristics of the manufactured models of the membranous hemisphere. These

tests are conducted outside the wind tunnel in separate setups.

The next section presents the applied pressure transducer used to monitor the gauge

pressure necessary to keep the hemisphere stabilized against the wind loads.

5.3.5 Pressure transducer

An electric gauge pressure transducer is used to monitor the pressure difference ∆pFSI
inside the flexible hemisphere in relation to the ambient pressure. It is calibrated by

the method explained in Section 3.1.1.1. The detailed calibration results are found in

Appendix A.1.2. The setup of the pressure transducer WIKA SL-1 (0 - 2500 Pa, 0 - 10 V,

200 Hz) is schematically presented in Fig. 5.23.

NI cDAQ-9174

NI 9222

workstation with

LabView™ Software

power supply

GRD

t

bridge voltage [V]

∆pFSI

air inlet air outlet

sealing

ring

WIKA SL-1

flexible hemisphere

clamping

ring

screw
hose hose

socket
pressure

transducer

pressure reducer

Figure 5.23: Setup of the electric pressure transducer applied for the measurement of the gauge
pressure inside the flexible hemisphere.

The pressure transducer is tightly screwed to the flat plate with an appropriate drilling

connection. The measuring tip is slightly lower than the surface of the flat plate in order

to avoid disturbances by the air flow inside the hemisphere. The signal path is similar to

the previously discussed CTA measurement setup. The transducer transmits its bridge

output, connected to the displacement of the measuring diagraphm (see Fig. 3.3), to

the NI National Instruments NI 9222 voltage input module, which is connected to the

USB Chassis NI cDAQ-9174. The software LabViewTM is used for data visualization

and acquisition. Air inlet and outlet drillings are supplied to the flat plate in order to

maintain the constant gauge pressure ∆pFSI. The air pressure used to inflate the flexible

hemisphere is taken from a standard pressure supply. A pressure reducer is switched

between the pressure supply and the air inlet reducing the initial pressure and furthermore
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enabling manual changes to the air flow arriving at the flexible hemisphere. Air leakage

is suppressed by air-proof hoses which are attached tightly to a proper hose socket. A

second hose of about 1 m length is connected to the outlet socket. It is used to enhance

the constant pressurization inside the flexible membrane. Furthermore, a sealing ring (see

close-up view) prevents air leakage at the clamping connection of the pedestal foot. The

clamping ring tightly presses onto the sealing ring and the pedestal foot by means of eight

screws positioned equidistantly around the ring cavity.

5.4 Restrictions of the measurement setups

The flow field and the structure deformation measurements are conducted separately. The

reason for this is based on the different requirements for each measurement device [379]. The

high-speed DIC measurements of the structure deformations require powerful illumination

to ensure adequate exposure for the rapid shutter times of the cameras. In contrast to

this, the PIV measurements depend on a high intensity laser light sheet to enlighten the

small DEHS droplets in the flow. Thus, the environment for sufficient PIV images should

be as dark as possible to ensure that the CCD camera receives enough scattered laser light

of the tracers with a minimum of background light (noise).

5.5 Overview of the conducted experiments

Since the present study involves various measurement techniques used in specific cases, a

summary of the individually carried out experimental campaigns are given in Table 5.4.

This listing of the conducted experiments also serves a as chronological reference outlining

the necessary steps that had to be taken in order to measure and characterize the FSI

phenomena of the flexible hemisphere.

Experimental subject System Objectives & Results

Turbulent flow around the

wall-mounted rigid hemi-

sphere [380]

LDA, CTA - LDA measurement of the three-dimensional

flow field around a rigid hemisphere at

Re = 50,000

- Establishment of the thick TBL at the inlet

with vortex generators including a detailed

analysis of the mean velocity profile and

Reynolds stresses. CTA is used as a reference

technique.

- Evaluation of the first- and second-

order moments (time-averaged velocity field,

Reynolds stresses) of the flow field in two

measurement planes (streamwise symmetry

plane, spanwise plane in the wake)

182



Overview of the conducted experiments

- Visualization of the unsteady flow field

revealing all characteristic regions

- CTA measurement of the velocity spec-

tra in the wake to determine characteristic

vortex sheddings (symmetric arch-type, von

Kármán type)

- The attained results are used as reference

data for the follow up experimental studies

based on PIV

- LDA measurements are used for the de-

tailed validation of the numerical simulations

of the identical case based on large-eddy

simulations7 combined with a synthetic tur-

bulence inflow generator [86, 293, 294] to

receive proper turbulent fluctuations based

on the experimental LDA and CTA measure-

ments of the TBL.

Manufacturing and quality

evaluation of the flexible

model [374, 375, 379]

DIC - Characterization of the material properties

Young’s modulus and Poisson’s ratio

- Detailed investigation of the material damp-

ing behavior of the utilized silicone.

- Quality evaluation of the casting process

used to manufacture the flexible model

- Comparison of several membranous models

leading to a calibration procedure of each

model

- Damping characteristics of the pressurized

system using impulse test, loud speaker ex-

citations and a standardized excitation pro-

cedure

Feasibility study of PIV in

the wind tunnel [376]

LDA, PIV - Comparison between the reference LDA

data of the rigid hemisphere with PIV mea-

surements at Re = 50,000 in the streamwise

symmetry plane including time-averaged ve-

locity profiles and Reynolds stresses

7http://www.kbwiki.ercoftac.org/w/index.php/Abstr:UFR_3-33
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FSI measurements of the

flexible hemisphere in turbu-

lent flow [377–379]

PIV, DIC,

CTA, PT∗
- PIV measurements of the two-dimensional

flow field around the rigid hemisphere and

the flexible hemisphere at Re = 50,000,

75,000 and 100,000.

- DIC measurements of the static and dy-

namic behavior of the flexible model outside

the wind tunnel

- DIC measurements of the three-

dimensional deformations of the flexible

hemisphere exposed to turbulent wind loads

at Re = 50,000, 75,000 and 100,000.

- Evaluation of the time-averaged flow field

including Reynolds stresses in the stream-

wise symmetry plane

- Determination of the time-averaged de-

formations and standard deviations of the

oscillating structure on the lee-side of the

flexible hemisphere

- Characterization of the unsteady structure

oscillations by analyzing the frequency spec-

tra at pre-defined monitoring points on the

lee-side of the flexible hemisphere

- CTA measurements of the velocity fluctua-

tions close to the surface of the DIC moni-

toring points in order to find matching fre-

quencies between fluid and structure

- Experimental results are compared with

the parallel running numerical simulations

of the identical FSI case [82].

Table 5.4: Summary of the experiments carried out for the present study. ∗ PT = pressure
transducer.

The following chapter is devoted to the production of the hemispherical models. Here,

especially the manufacturing of the flexible hemisphere was a challenging task due to the

requirements of the membranous structure which has to be as thin as possible.
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6. Characteristics of the flexible model

This chapter focuses on the characteristics of the flexible hemisphere and is organized as

follows: First, the general requirements for an appropriate wind tunnel model are discussed

forming the basis for the generation of a suitable membranous structure. After this, the

manufacturing process derived from the requirements is presented considering a casting

procedure based on silicone material. After the presentation of the manufacturing process,

DIC measurements are performed to determine the quality of the manufactured models.

In a further step, the preparation of the surface of the model with the necessary speckle

pattern for DIC measurements is explained. For this purpose, 26 models are produced

and analyzed statistically in order to qualify the chosen manufacturing process. Then all

relevant material properties of the silicone are determined including Young’s modulus,

Poisson’s ratio and damping characteristics. Finally, the static and dynamic behavior of

the pressurized model outside the wind tunnel is characterized using specially designed

setups.

6.1 Requirements on the flexible hemisphere

A central aspect of the present FSI study is the generation of a suitable model for the

flexible hemisphere corresponding closely to the properties of the membrane structures

discussed in Section 2.3. Since such models cannot be purchased commercially, an in-house

manufacturing process has to be developed to produce the desired model. The main

requirements on the flexible model are as follows:

1. The flexible model is comparable in size with the rigid hemisphere.

2. The material applied is flexible/deformable under moderate wind loads.

3. The wall-thickness of the model is as low as possible.

4. The material is bright to apply a sufficient speckle pattern for DIC measurements.

5. The material resists higher wind loading without damage.

6. The model is air-tight maintaining a constant gauge pressure.

7. The model fits into an appropriate setup without violating the predefined boundary

conditions such as the size and the smooth surface.
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8. The manufacturing process is reproducible.

9. Extensive wrinkling of the material has to be avoided in order to maintain compara-

bility between the complementary numerical simulations. Here, wrinkling introduces

specific challenges since the numerical structure solver applied does not use appro-

priate models for such deformation types.

The listed requirements formed the basis for the development of the manufacturing process

discussed in the next section.

6.2 Manufacturing of the flexible model

After considering feasible possibilities (e.g., external procurement, thermoforming, injection

molding) to generate the flexible model, the final decision falls on a casting process. For

this purpose, a necessary casting mold is designed and manufactured according to the

requirements of the flexible model. The actual casting mold is composed of a positive and a

negative form depicted in Fig. 6.1. A specific color coding highlights the main components

illustrated in pictures 1 to 3. The lower row of images (4 to 6) presents detailed views

connected the to red dashed areas of the respective image above.

Figure 6.1: Casting mold consisting of a positive and a negative form used to manufacture the
flexible model.

The positive form (1) consists of a positive hemispherical part (green) which is connected

onto a cylindrical bearing. This cylindrical part is considered as axle (4, purple) with

a special diameter fitting to the inner diameter (blue) of the negative form (2, 5). The

negative form is milled out of one solid block with a negative hemispherical cavity (2,

green). Both forms are brought together carefully (3). Six screws (3, red) with a fine metric
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Manufacturing of the flexible model

thread (6) allow a controlled descending process guided by the clearance fit, when both

forms are joined. Three gaps separated by 120◦ in perimeter are considered as outlets (3,

5, orange) for enclosed air and surplus silicone. All main components were manufactured

by a high precision milling process. The contour of the negative shape corresponds to the

outer dimensions of the generated flexible model. Thus, the negative form is milled to

the dimensions of the rigid hemisphere, i.e., D = Dneg = 150 mm, to maintain geometrical

identity between the flexible and the rigid model (requirement 1). The thickness of the

membrane is adjusted by the size of the positive form. In the actual case, the positive form

has a diameter of Dpos = 149.6 mm leaving a gap of about 0.2 mm between both casting

elements. This corresponds to the thickness tmembrane of the flexible model (requirement 3).

The minimum gap distance between the negative and the positive form is limited by the

fabrication tolerances of the chosen milling process and the material of the casting mold

(aluminum). The actual manufacturing process of the flexible model is depicted in Fig. 6.2.

positive form

negative

form

liquid silicone

and hardener

gap

q0

hardened

silicone model

6 - 48 h

surplus

silicone

1 2 3

Figure 6.2: Schematic illustration of the casting process used for the manufacturing of the flexible
model.

Liquid silicone of the type Elastosil E625 A/B RT1 in combination with a hardener in a

mixture ratio of 9:1 is poured into the negative shape (1). Afterwards, the positive and the

negative forms are tightly pressed together forcing the silicone to flow freely within the gap.

The three outlets enable surplus silicone to flow out of the casting mold before the curing

process starts. The whole manufacturing procedure takes between 6 and 48 hours (2). For

longer curing times an add-on inhibitor can be added to the liquid silicone delaying the

hardening process. In the present case, the inhibitor Wacker PT-88 is used reducing the

thickness of the membrane as the silicone is able to flow longer out of the casting form.

Furthermore, a small amount of white color is mixed to the silicone to receive a bright

model to which the speckle pattern can be applied with high contrast (requirement 4).

After curing (3) the hardened silicone can be extracted from the casting mold. An actual

insight into this step is depicted in Fig. 6.3.

After the positive shape is removed, the flexible model still adheres to the negative form.

At this stage, an inspection of the membrane for holes connected to air bubble enclosures

during the casting process can be easily achieved. In most cases the inhibitor is able to

1http://www.wacker.com/cms/en/products/product/product.jsp?product=13307
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pedestal foot of

the flexible model

close-up of outlet

1 mm separation 

step

surplus silicone

casted silicone model

in negative form
outlet

Figure 6.3: Insight into the negative form of the casting process including the hardened silicone
model. Three outlets enable surplus silicone to flow freely out of the casting mold
while the material is still liquid.

avoid the forming of holes (requirement 6). The close-up image in Fig. 6.3 shows the

surplus silicone at one of the outlets. Furthermore, the pedestal foot is shaped by a small

1 mm step that is milled into the negative shape of the casting form.

For the later FSI studies, the mass of the flexible hemisphere without the pedestal extension

is important to determine the overall weight of the air-inflated part of the model. For

this purpose, a model is casted (with inhibitor) comparable in mass and thickness to

the originally used flexible model is cut apart. The mass of the hemispherical part

is measured to be mexp
membrane = 6.22× 10−3 kg with a high-precision scale. An analytic

prediction of the volume of a hollow hemisphere based on the average wall-thickness

tmembrane = 0.16 mm multiplied by the density of the silicone leads to a theoretical mass

of mtheory
membrane = 6.11× 10−3 kg.

A sufficient amount of models is produced in order to evaluate the quality and the

reproducibility of the chosen casting process which is described in the next section.

6.3 Evaluation of the casting process

The casting procedure is examined statistically to determine the reproducibility and

production quality of the flexible models (requirement 8). For this purpose, an entire

sample of 25 models is produced applying the same amount of silicone and hardener to

each model. Within this sample, 10 models are additionally cured using the inhibitor

PT-88. The inhibitor has a significant effect on the achieved total mass of the cured models

as shown in the histogram in Fig. 6.4(a).

The gap in the histogram is caused by the inhibitor since the curing time is extended

from usually 6 to 48 hours (∆tcuring = 42 h). In this case, the silicone remains liquid

over a longer time interval enabling the silicone to leave the casting mold. This delayed

curing process reduces the mass of the final model also affecting the average wall thickness

tmembrane as depicted in Fig. 6.4(b). The average wall thickness of each model is measured
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Figure 6.4: Quality evaluation of the flexible model focusing on the reproducibility qualified by
the total mass and the corresponding wall-thickness of the casted membranes [379].

by a micrometer with a precision of 0.005 mm at three different contour points (apex,

middle, foot). The deviation of the total mass and the achieved wall thickness between the

manufactured models is low. The final model used for the FSI studies has a total mass of

12.44 g exhibiting a wall thickness of tmembrane = 0.16 mm (requirement 3).

Additionally, a contact-free laser displacement sensor (Micro-Epsilon scanCONTROL

2750-100) is used as a secondary device to evaluate the wall thickness. First, a comparable

membranous model to the one used in the wind tunnel studies is selected according to

its total mass of 12.48 g. Seven points (apex, foot and five arbitrarily chosen locations

on the surface) are marked on the contour of the flexible model and measured with the

micrometer. Since the silicone of the flexible model is easily compressed when contact

is made by the sensing element of the micrometer, this measurement trial is considered

as an approximation of the wall thickness. In a second step, seven holes are cut into the

model at the previously marked locations for the subsequent measurements with the laser

displacement sensor. The setup of this measurements is shown in Fig. 6.5.

The prepared model is slipped onto the rigid hemisphere (left picture) used as a support

for the laser profile measurements. Each of the applied holes is measured at the apex of

the rigid support hemisphere to achieve minimum errors as shown in the middle picture.

The results of the measurements with the laser profile scanner are depicted in the right

graph of Fig. 6.5. As a results the distribution of the wall thickness of the flexible model

is slightly deviating from the apex to the foot which is also measured by the micrometer.

It is assumed that the gap between the negative and the positive form of the casting

process has a slight deviation due to the manufacturing tolerances causing this effect. A

comparison of the measurements by the micrometer and laser profile scanner show that

the results are in very good agreement.

In conclusion, the chosen casting process and the utilized silicone material including an in-
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Figure 6.5: Second measurement of the wall thickness of a sample hemisphere by a contact-free
laser profile scanner.

hibitor is capable to produce the desired thin-walled models with acceptable reproducibility

(requirement 8).

In the following section the application of the speckle pattern is discussed which is

mandatory for the DIC measurements of the material properties and the static and

dynamic behavior of the model.

6.4 Application of the speckle pattern

The DIC structure measurements require a high-quality speckle pattern which has to be

applied to the white surface of the silicone model. For this purpose, the airbrush system

shown in Fig. 6.6 is applied. A special nozzle for speckle patterns (right) is used to create

the required dot pattern. The applied color is based on an acrylic resin which does not

react with the silicone.

speckle nozzle 

speckle nozzle

ink supply

pressure connection

air regulator

shaft

Figure 6.6: Airbrush used to apply a high-quality speckle pattern onto the surface of the casted
hemisphere.

The results of the airbrush treatment is depicted in Fig. 6.7. The former bright model (left)

is treated with the airbrush receiving an optimum speckle pattern for DIC measurement

purposes. The close-up (right) reveals the distribution and size of the applied dots forming

a sharp contrast between the white surface and the black speckle pattern.
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Figure 6.7: Silicone model before and after airbrush treatment. The speckle nozzle produces the
desired dot pattern for high-quality DIC measurements.

This pattern is also applied to other specimens which are used for the determination of

the relevant material properties of the silicone.

6.5 Material properties

6.5.1 Young’s modulus and Poisson’s ratio (EN ISO 527-2)

The elastic properties, i.e., the Young’s modulus and Poisson’s ratio, of the applied silicone

are determined by an unidirectional standardized tensile test (EN ISO 527-2, ASTM D638).

All measurements are performed with a sample of three specimens made from the same

silicone batch with identical mixing ratios as the hemisphere model. A Zwick-Roell testing

machine using DIC for optical strain measurements is applied together with a synchronized

load cell with a measurement range of 0 to 10 N. The corresponding results are depicted

in Fig. 6.8.
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Figure 6.8: Determination of the Young’s modulus and the Poisson’s ratio by a standardized
tensile test for rubber materials (EN ISO 527-2, ASTM D638).
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The left graph shows the stress-strain behavior of the silicone. The non-linear progression

is typical for rubber materials. A curve fitting (black line) is generated in the strain range

0 ≤ εsilicone ≤ 0.1 in order to linearize the measurements leading to a Young’s modulus of

about Esilicone = 7× 105 Pa. The linearization is motivated by the assumption that the

material of the flexible hemisphere does not exceed strains larger than εsilicone ≈ 0.1 during

the tests in the wind tunnel (requirement 2). The specific strain characteristics are further

discussed in Section 6.6.1.1.

The middle graph presents the measurement of the Poisson’s ratio ν = −(∆b/B)/(∆l/L),

where B is the initial width and L the initial length of the specimen (see right image of

Fig. 6.8). A fourth specimen (black line) with the thickness of the flexible hemisphere was

added to the sample in order to analyze possible effects of the geometry on the Poisson’s

ratio which is approximately not the case. All measured samples indicate a similar lateral

contraction behavior in the range 0.4 ≤ νsilicone ≤ 0.45. These values are in good agreement

with the literature [296, 371] reporting a Poisson’s ratio ν between 0.45 and 0.5 for rubber

materials.

These two elastic properties are connected to the stiffness of the material. However,

damping is another important characteristic, which has to be determined since it affects

the dynamic behavior of an excited system. It is described in detail in the next paragraph.

6.5.2 Damping characteristics of the silicone E625 A/B RT

The damping of the applied silicone material is determined by DIC measurements using

two different setups: A standardized pendulum test (EN ISO 6721-2) including appropriate

specimens and a secondary setup using circular membranes. Both cases target at the

determination of Lehr’s damping ratio b by applying equations (2.74) and (2.75) to the

measurements.

6.5.2.1 Standardized pendulum test (EN ISO 6721-2)

A pendulum setup is carefully developed according to the specifications denoted in the

norm EN ISO 6721-2-2:2008-09. The design of the apparatus followed the suggestions

stated as the “type B procedure” depicted in Fig. 6.9.

In this setup, a rectangular silicone specimen is clamped between a rigid frame and a

rotatable rod. A rotating mass is fixed onto the rod with a ring on its outside to which

a speckle pattern is applied. Furthermore, the rod is guided through the upper part of

the rigid frame by means of an air bearing. A tension thread is applied to the end of the

rod and guided along two deflection pulleys. At the end of the tension thread a balancing

mass is fixed. This mass is used to apply a slight tension onto the silicon specimen to

avoid compression effects.

In the actual test the rotating mass is twisted to a deflection of about 5◦. Afterwards,

the system is released and set into motion by the torsion applied to the silicone specimen.

This motion has a slowly decaying characteristic due to the dissipation by the internal
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Figure 6.9: Setup of the utilized pendulum test referred to as “type B design” in the norm EN
ISO 6721-2-2:2008-09.

friction occurring inside the specimen. This dissipation is associated with the pure material

damping. Other influences such as air friction are considered negligible.

For this measurement the DIC system is set to a frame rate of 30 fps since the expected

motion is very slow. This allows a time sample of 187 seconds at a spatial resolution

of 1503 × 996 pixels. A monitoring point at the center of the ring of the rotating mass

is chosen for the determination of the damping characteristics of the silicone. The

corresponding results are shown in Fig. 6.10.
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Figure 6.10: Damping characteristics of the silicone from the pendulum test.

Again, three specimens of the same mixing ratio as used for the flexible hemisphere are

generated. The left graph presents the decaying characteristics of all three specimens in

the time domain. Except for a slight phase shift of specimen 32 the decreasing behavior of

the initial amplitude is almost identical for all specimens. This is confirmed by the phase

diagram in the middle. However, specimen 2 (green line) shows some secondary oscillating

behavior. This could either be caused by a staggering motion of the rotating mass due to

an asymmetric deflection at the beginning of the measurement or due to imperfections

2Specimen 3 reveals a slight deformation connected to the casting process which is used to manufacture the specimens.
The deviations are also visible in the Poisson’s ratio in Fig. 6.8.
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of the material of the specimen such as air bubble enclosures. Nevertheless, the damped

eigenfrequency of the specimens 1 und 2 are identical with a deviation to specimen 3 of

7.81% (see footnote). Thus, the results of the pendulum test revealed a narrow range of

Lehr’s damping rate between 2.4% ≤ bpendulum ≤ 2.6%.

The measured damping values including the respective logarithmic decrement of each

specimen are listed in Table 6.1.

Table 6.1: Damping ratio and logarithmic decrement determined by the pendulum test.

specimen log. decrement Λ damping ratio bpendulum

1 0.153 0.024

2 0.156 0.025

3 0.134 0.026

6.5.2.2 Membrane test

A second test to evaluate the material damping is considered in order to validate the

pendulum test. For this purpose, two-dimensional membranes are generated in a special

casting mold. Once again, the mixing ratio of the silicone is identical to the flexible model

used for the FSI investigations. Furthermore, the eleven produced membranes have an

average thickness of t2d-membrane = 0.11 mm corresponding well to the wall thickness of the

flexible hemisphere. Additionally, the diameter of the specimen was chosen to 150 mm

in order to receive a large membrane. The test rig and the casting process are shown in

Fig. 6.11.

The schematic illustration of the test setup is shown in top and side view on the left

side of the picture. The circular specimen is fixed onto a plate with a circular hole by a

designated ring clamp. An extendable rod that is connected to a magnetic valve is used to

generate an initial deflection of the membrane. The rod has a large spherical tip to enable

a smooth vertical deformation ∆z of the membrane at its center (see illustration on the

lower right). The magnetic valve is connected to a power supply and is used to hold the

rod in its extended position. By switching off the power supply a spring rapidly pushes

back the rod allowing the membrane to oscillate freely. The influence of the surrounding

air on the movement of the membrane is considered negligible. Furthermore, the flat plate

is built onto a rigid stand suppressing vibrations occurring from the setup itself.

A detailed view of the actual system is given in Fig. 6.12. Without a membrane specimen

installed to the test rig (left) a view through the circular cutting shows the rod with the

spherical pointer. A circular ring element which is slightly larger than the membrane

is used as tension rim to which the membrane is slipped onto. The applied specimen is

shown in the middle picture. The excitation point is defined at the center of the circular

membrane. The monitoring point is located at half of the radius R/2 = 37.5 mm between

rim and center. This is considered as an optimum point to minimize effects originating
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Figure 6.11: Setup of the test rig and casting mold for the two-dimensional membranes including
actual specimen with applied speckle pattern.
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Figure 6.12: Actual setup and clamping procedure for the two-dimensional membrane damping
test.

195



6. Characteristics of the flexible model

from the excitation point or the fixed rim. A clamping ring (right) is used to fix the

membrane to the test rig.

A total of seven membranes are measured by the DIC system (1000 fps at 1503 × 996

pixels). An average motion of decay is determined by taking all DIC measurements of

each membrane into account depicted in Fig. 6.13.

11.1 Hz

22.1 Hz

∆z2d-membrane

f

F
F
T

Figure 6.13: Second evaluation of the material damping by a self-designed decay test: Seven two-
dimensional membranes are tested. An average displacement value ∆z2d-membrane is
determined to calculate the damping characteristics.

The time-averaged amplitudes of the displacements ∆z2d-membrane are used to calculate the

logarithmic decrement and Lehr’s damping rate as done in the former pendulum test. For

this purpose, the natural frequency of f 2d-membrane
n = 11.1 Hz is determined as shown on the

right side. The second frequency peak in this graph corresponds to the second harmonic

at 22.1 Hz. A Lehr damping rate of about b2d-membrane ≈ 3.6% (Λ2d-membrane = 0.399) is

calculated from the membrane damping test. This value is slightly higher but still in good

agreement with the former pendulum test. One possible error source is the neglected

influence of the surrounding air leading to a slightly higher damping ratio. In conclusion,

the material damping of the applied silicone is considered low leading to an under-damped

decay characteristic. However, the accurate determination of the damping rate bsilicone is

important for the complementary numerical simulations in order to achieve comparability

to the experiment. Often small deviations in the damping rate lead to significantly different

results. For this reason a careful evaluation of the material properties is required especially

for materials with non-linear characteristics such as rubber.

All relevant properties of the flexible model used for the FSI studies are summarized in

Table 6.2.

The next section discusses the static and dynamic behavior of the pressurized flexible

hemisphere as used for the wind tunnel tests.
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Table 6.2: Properties of the applied flexible hemisphere model.

feature dimension

diameter D = 150 mm ± 0.04 mm

average wall thickness tmembrane = 0.16 mm

mass of hemispherical part mmembrane ≈ 6.2 × 10−3 kg

density ρsilicone = 1050 kg/m3

characteristic Young’s modulus Esilicone ≈ 7 ×105 Pa

Poisson’s ratio 0.4 - 0.45

damping ratio (Lehr damping) bsilicone ≈ 0.025

6.6 Static and dynamic characteristics of the model

6.6.1 Static behavior

The static behavior of the flexible model is determined by examining three fundamental

aspects:

• Influence of the gauge pressure on the deformation of the model

• Achieved surface roughness at optimum gauge pressure

• Displacement-strain characteristics of the system under the gauge pressure

The investigation of these topics leads to the optimum operation conditions of the flexible

model in the wind tunnel discussed in the following.

6.6.1.1 Inflation test

The hemispherical shape and the surface roughness of the silicone model are important

factors which have to be determined since these influence the flow field significantly

(requirement 7). Silicone materials exhibit a slight shrinking of less than 0.1% after curing

is completed. This has an effect on the initial shape deviating from the rigid reference

hemisphere. Furthermore, the surface roughness of the silicone including the applied

speckle pattern have to be examined carefully since a rough contour may alter the flow

separation characteristics (requirement 7). These two aspects are analyzed by a special

setup depicted in Fig. 6.14.

First, the determination of the hemispherical shape is discussed. The flexible hemisphere is

clamped onto a flat plate similar to the original setup for the wind tunnel (see Section 5.3.5).

A circular hole of the diameter D ≈ 150 mm is inserted into the plate used for two

configurations: In the first configuration (left image) a solid hemispherical model is guided

from the bottom of the plate through the circular hole so that the flexible hemisphere is

slipped onto the contour of the rigid model. The diameter of the rigid support is identical
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Figure 6.14: Schematic illustration of the setup of the static inflation test for shape and surface
roughness measurements.

to the positive casting form (Dpos = 149.6 mm). With the flexible model applied on top

of the rigid support the overall diameter of the setup (positive shape + flexible model)

is about D ≈ 150 mm leading to an optimal comparability to the rigid case. The DIC

system is used to take an image of the left configuration in Fig. 6.14 which is considered as

the reference shape Ω0. In this setup, the supported flexible model is not affected by the

inner pressure or gravity. Thus, it is used as the reference configuration which represents

the rigid case best possible.

In the second configuration, the rigid support is carefully removed from the setup. After

this, a circular element including the pressure transducer as well as air inlet and outlet

drillings is mounted onto the lower side of the plate sealing the circular hole. A gauge

pressure is set onto the air inlet in order to inflate the flexible model until its hemispherical

shape is restored without exhibiting visible buckling or wrinkling. This state is the staring

point of the static inflation test presented on the right image of Fig. 6.14. During this test

a step-wise increase of the gauge pressure in the range 19 Pa ≤ ∆p ≤ 150 Pa is carried

out. This is done in a quasi-static manner where each pressure step is first applied until

a static state is reached. After this, a series of images is taken by the DIC system to

record the deformation of the flexible hemisphere at the corresponding pressure step. The

deformation is measured at the apex Papex(0, 0, D/2) of the hemisphere at designated

steps schematically represented by the points 1 , 2 and 3 in Fig. 6.14. The lowest

gauge pressure necessary to inflate the flexible model to receive a quasi hemispherical

shape is measured at ∆p1 = 19 Pa. This pressure step is represented by the green line

and its associated apex point 1 . The highest gauge pressure is reached at ∆p3 = 150 Pa

represented by the red line and the point 3 . In this case, the shape of the flexible model

is visibly deviating from a hemisphere. It is assumed that there is a best fit between the

lowest and highest pressure settings which represents the rigidly supported case (left image)
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best. This is indicated by the blue line and the apex point 2 designated as the optimum

fit. This optimum shape is also denoted as the calibration configuration Ωcal of the specific

flexible model. Since all generated models possess slight deviations in total mass and wall

thickness, each model has to be calibrated in order to determine the optimum shape.

The measurement of the static inflation test is presented in Fig. 6.15.

25 50 75 100 125 150 175 200
-1

-0.5

0

0.5

1

1.5

2

2.5

3

p  = 43 Pa
cal

2

3
1

∆
z 

[m
m

]

∆p [Pa]

∆

rigid reference

Figure 6.15: Static deflection of the monitoring point at the apex of the flexible model at step-wise
pressurization.

The recorded values are all compared to the rigidly supported reference configuration

represented by the displacement ∆z = 0 mm. The colored points 1 , 2 and 3 indicate

the previously described pressure settings. Additionally, a measurement at ∆p = 300 Pa

is carried out which is not included in the graph but used for the linear fitting. The

optimum shape is found at a gauge pressure, where the vertical displacement of the apex

point is about ∆z ≈ 0 mm. To enhance the precision of the calibration, several additional

measurements are carried out close to ∆z = 0 mm. The linear fit of all measured values

leads to a calibration gauge pressure of ∆pcal = 43 Pa.

The calibration configuration is also used to determine the maximum deviation between the

inflated flexible model and the rigid reference. Analogous to the previous static inflation

study, the surface roughness of the pressurized model is estimated by comparing the

inflated case with rigidly supported membrane. The results are presented in Fig. 6.16.

The total displacements ∆r =
√

∆x2 +∆y2 +∆z2 along the illustrated red dashed surface

line are determined resulting in a maximum deviation between the reference and the

calibrated configuration of about ∆r|max = 0.07 mm. This leads to a maximum error of

emax = ∆rmax/(Dref/2) = 0.0009 (0.09%). From this measurement, the arithmetic average

surface roughness of the flexible model is calculated by Ra,flex = (1/n)
∑n

i=1 |∆ri −∆r|,
where ∆ri is the total displacement at the location i and ∆r is the mean total displacement

along the complete surface line. This leads to an arithmetic average surface roughness

of Ra,flex = 16µm for the investigated line element. This value is higher than for the
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Figure 6.16: Measurement of surface roughness by comparing the calibration configuration of
the inflated model with the rigidly supported reference membrane.

rigid hemisphere (Ra,rigid = 0.8µm, [380]). However, it is still regarded as smooth since

the surface variations are within the viscous sublayer of the boundary layer leading to a

maximum value of z+ ≈ 0.46 at Re = 100, 000 (see Table 7.1).

The strain values are also determined in detail by the static inflation test. These are

discussed in the following.

6.6.1.2 Strain characteristics

The linearization of the standardized tensile test within the strain range 0 ≤ εsilicone ≤ 0.1

leads to a Young’s modulus of Esilicone = 7× 105 Pa (see Section 6.5.1). This is based

on the assumption that the material of the flexible hemisphere is maximally deformed

within this range during the wind tunnel tests at Re = 100, 000. In order to validate this

assumption, the results of the static inflation test are used to determine the maximum

principle Lagrangian strain (see equations (3.37)–(3.40)) at the surface monitoring points

defined in Section 5.3.4.1. All three displacement components ∆x, ∆y and ∆z are depicted

in Fig. 6.17(a) with the corresponding maximum principle Lagrangian strain given in

Fig. 6.17(b).

Each pressure step is measured by the DIC system for a duration of 10 seconds with a

frame rate of 100 fps. Afterwards, all measurements are brought together in a graph. The

measurements start at a pressure value of ∆p = 150 Pa. This is done to applied a sufficient

load to the pressure transducers diaphragm minimizing possible zero drift errors. These

can be caused when the pressure transducer is installed in a different position in which is

was initially calibrated (see Section 3.1.1.1). After this initial pressurization, a drop to

the lowest setting at ∆p = 19 Pa is applied followed by a step-wise increase in increments

of ∆pstep = 10 Pa until ∆p = 100 Pa is reached. In the final step the gauge pressure is

raised again to ∆p = 150 Pa in order to determine possible deviations from the staring

point. These two measurements at ∆p = 150 Pa show no significant differences. For the
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Figure 6.17: Displacements and corresponding maximum principle Lagrangian strains at all
monitoring points of the flexible hemisphere measured by step-wise pressurization
at gauge pressure ∆p. Note that the reference strain is artificially set to ε ≈ 0 at
∆pcal = 43 Pa.
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sake of brevity this step is not included in the graph.

It is important to note that the calibration configuration at ∆pcal = 43 Pa is used as

reference configuration in the DIC measurements. Unfortunately, the DIC system cannot

calculate any strains in the reference image-pair (reference images). The DIC system can

only calculate strains between the reference image (undeformed hemisphere) and a deformed

state. On this basis the strains are slightly distorted in the DIC measurements since the

minimum strain appears at the lowest gauge pressure. This is visible when observing

the strain at ∆p = 40 Pa which is nearly zero. However, the difference in strain between

the calibration configuration and the lowest measured pressure at ∆p = 19 Pa is about

∆ε = 0.004. When this offset is added to the principal strain at the pressure setting of

∆p = 150 Pa the overall maximum strain at the apex increases to about εmax ≈ 0.03. This

is still significantly below the assumed maximum strain ε = 0.1 used for the linearization

of the Young’s modulus. Thus, the evaluated material properties are transferred to the

FSI measurements in the wind tunnel, where the strains of the structure are measured

again under wind loads. Furthermore, the material data are used for the structure model

in the numerical simulations by De Nayer et al. [82] and Apostolatos et al. [15].

6.6.1.3 Pressure settings applied to the FSI investigations

The deformations of the flexible hemisphere subjected to the turbulent flow are mainly

driven by the pressure difference between the outer pressure distribution on the surface of

the membrane and the gauge pressure that stabilizes the structure. Large static deflections

have a significant impact on the hemispherical shape. This leads to deviations between

the flexible membrane and the rigid reference which will alter the flow field noticeably.

The membrane should be mainly excited by the turbulent flow (requirement 7). As a

consequence, the pre-stress of the structure has to be sufficiently low so that the inner

pressure is primarily used to stabilize the hemispherical shape. A preliminary wind tunnel

study was conducted with the flexible hemisphere to determine the influence of the inner

pressure on the desired deformation characteristics described above. These measurements

reveal that the deformations of the flexible structure are hardly observable when applying

the pressure values of the calibration configuration (∆pcal = 43 Pa) at wind velocities

U∞ < 10.24 m/s according to Re < 100,000. The corresponding stiffness of the structure

at this gauge pressure makes the model hardly deformable by wind loads (requirement 5).

However, the FSI phenomena shall also be measured at Re = 50,000 and 75,000. In order

to generate significant deformations at lower wind velocities, the gauge pressure of the

flexible model is altered accordingly. The operating pressure value to receive the desired

deformations are evaluated experimentally at each wind velocity leading to the gauge

pressures of ∆pFSI1 = 19 Pa at Re = 50, 000, ∆pFSI2 = 34 Pa at Re = 75, 000 and ∆pFSI3
= ∆pcal = 43 Pa at Re = 100.000. These values are the lowest possible pressures for a

stable structure at their respective Re number. At lower levels the inner pressure is not

able to withstand the wind loads and large global deformations at the stagnation area in

front of the hemisphere arise as well as excessive wrinkling. By keeping the gauge pressure
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values as stated above, this deformation behavior of the flexible structure is avoided as far

as possible (requirement 9).

According to the diagram of the static inflation test (Fig. 6.15, spot 1 ) the overall

maximum shape error between the flexible hemisphere and the rigid reference increases to

emax = 0.56% at a Reynolds number of Re = 50, 000 at the gauge pressure ∆pFSI1 = 19 Pa.

All relevant parameters of the flexible hemisphere at each Reynolds number are summarized

in Table 6.3.

Table 6.3: Parameters of the flexible hemisphere evaluated by the static inflation test.

Reynolds number 50,000 75,000 100,000

FSI gauge pressure ∆pFSIn [Pa] 19 34 43

max. shape error emax from rigid reference [%] 0.56 0.26 0.09

6.6.1.4 Aeroelastic parameter Π

The previous discussion states that the gauge pressure ∆pFSI is altered at each Reynolds

number. In this case, two parameters are changed at each setting which is usually not

desired in a parameter study. However, to avoid wrinkling and buckling of the membrane,

the gauge pressure has to be adjusted as described above. Thus, it is not possible for the

present setup to change solely the Reynolds number. Nevertheless, the present study allows

to compare the flexible case with the rigid counterpart at the same Reynolds number. An

aeroelastic parameter was introduced by Smith and Shyy [312] for the case of a flexible

membrane airfoil. It is transferred to the present case of the flexible hemisphere. For this

purpose, the parameter:

Π =
σFSI tmembrane

q∞D
(6.1)

is chosen, where σFSI is the pre-stress of the membrane (connected to the gauge pressure

∆pFSI). Here, tmembrane is the thickness of the membrane, q∞ = (ρair/2)U
2
∞ the free-stream

stagnation pressure and D the diameter of the hemisphere. The parameter Π is considered

when the membrane tension is dominated by pretension as depicted in Fig. 6.18(a).

In order to determine Π, the pre-stress σFSI arising from the gauge pressure ∆pFSI is

required. Figure 6.18(b) presents the relation between the gauge pressure ∆p = ∆pFSI and

the measured strain ε at the apex of the flexible hemisphere. This diagram is derived from

the results of the static inflation test (see Fig. 6.18(b)) including the corrected (shifted)

pressure values starting at ε(∆p = 0Pa) = 0. Within the pressure range of the inflation

test (19 Pa ≤ ∆pFSI ≤ 150 Pa) an almost linear behavior between the strain and the gauge

pressure is observed. From these data a best-fit curve is determined to:

ε(∆p) = 2.218× 10−4 1

Pa
∆p. (6.2)
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Figure 6.18: Determination of the pre-stress σFSI of the flexible hemisphere taken from the static
inflation test used for the evaluation of the aeroelastic parameter according to [312].

This approximation is used to calculate the corresponding strains at each gauge pressure.

The attained pre-stress values of each configuration can be determined with the help of

the simple linear elastic relation (Hooke’s law) using the Young’s modulus Esilicone:

σFSI = Esilicone ε. (6.3)

Thus, the aeroelastic parameter can now be determined by equation (6.1) leading to the

results summarized in Table 6.4 (tmembrane = 0.16 mm, D = 150 mm, ρair = 1.225 kg/m3).

The aeroelastic parameter Π is the ratio between the pre-stress (stiffness) of the applied

configuration and the stagnation pressure of the free-stream velocity. Generally, it is

desirable to keep the aeroelastic parameter Π constant when varying the flow velocity U∞
and thus the Reynolds number. However, in the present study this can not be realized

completely: If the aeroelastic parameter Π is maintained constant for the three investigated

Reynolds numbers, it leads to strong deformations or excessive wrinkling of the material

for the low Reynolds number or a too strong inflation of the hemisphere for the high

Reynolds number. Therefore, the gauge pressure ∆pFSI is altered at each Reynolds number.

The adjustment of the gauge pressure is based on the idea to gain significant structural

oscillations, while avoiding large global deformations leading to a loss of comparability

with the rigid hemisphere.

Table 6.4: Parameters used to calculate the aeroelastic parameter Π as considered in [312].

Reynolds number 50,000 75,000 100,000

∆pFSI [Pa] 19 34 43

ε [-] 4.214 ×10−3 7.541 ×10−3 9.537 ×10−3

σFSI [N/m
2] 2950 5279 6676

Π [-] 0.194 0.158 0.111
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Furthermore, large indentations at the stagnation area on the front side of the hemisphere

or wrinkling of the material are avoided for the intended comparison with the numerical

simulations, in which these phenomena lead to difficulties. It is also relevant to mention that

the applied strains are relatively low and narrow banded in the range 0.0042 ≤ ε ≤ 0.0095.

Moreover, the adaption of the gauge pressure ∆pFSI to each particular Re number leads

to a variation of the value of the aeroelastic parameter in the range 0.111 ≤ Π ≤ 0.194.

Thus, Π is not constant but only mildly varies supporting the chosen approach.

6.6.2 Dynamic response of the flexible model

Before the FSI measurements of the flexible hemisphere are conducted in the wind

tunnel, the dynamic behavior of the pressurized model is analyzed. Main focus is put on

the determination of the natural frequencies of the structure. These are an important

characteristic of the structure since the unsteady wind loads may trigger one or more of

the natural frequencies leading to the FSI phenomena discussed in Section 2.4.4.

The measurements for this investigation are done using the following setups:

• A standardized dynamic response test.

• A random striker test.

• A loudspeaker test including single impulse and frequency sweep excitation.

All three tests are carried out in the calibration configuration at ∆pcal = 43 Pa as presented

in the following.

6.6.2.1 Standardized dynamic response test

First, the standardized dynamic response test is presented as reported by Wood et al. [379].

The design of this setup focused on carefully defined boundary conditions in order to

ensure a reproducible procedure (requirement 8).

Figure 6.19(a) presents the actual setup. The hemisphere is clamped onto the identical

plate as applied for the static inflation test including all relevant connections. An arc

element with radial drillings corresponding to the monitoring points E15, E30, E45, E60,

E75 and the apex is used to mark each point separately on the speckle pattern of the

flexible hemisphere. This is mainly done to identify these locations on the DIC data

set more easily since these points are slightly larger than the usual dots of the speckle

pattern. Furthermore, the drillings are used for the excitation of the structure as shown in

Fig. 6.19(b). For the test procedure, the model of the flexible hemisphere is first inflated

to the calibration pressure ∆pcal = 43 Pa ensuring an optimum hemispherical shape. An

initial deflection is applied to the surface of the flexible structure by means of a triggering

device. The trigger consists of a rod attached to a spring. Both elements are encased in a

cylindrical housing. The rod is pushed outward compressing the spring until a point is

reached where it clinches into a fixed position. In this configuration the rod protrudes

205



6. Characteristics of the flexible model

trigger guideradial access drilling

clamping ring flexible hemisphere

close-up

trigger guide marker for

monitoring points

apex drilling
E75 drilling

(a) Actual setup of the standardized test.

45°

apex
trigger

point

monitoring point deflection
trigger

trigger guide

flexible

hemisphere

x

z

(b) Schematic of the setup.

0
.1

0
.2

0
.3

0
.4

0
.5

-0.1

0

0.1

0
.1

0
.2

0
.3

0
.4

0
.5

-0.3

0

0.3

0
.1

0
.2

0
.3

0
.4

0
.5

-0.2

0

0.2

∆
x
   [
m

m
]

∆
y   

[m
m

]
∆
z   

[m
m

]

time [s]

(c) Dynamic response at the apex.

f f f f f f f 1 10-138,96,74,532
nnnn n nn

0
n

f

f

∆x
∆y
∆z

(d) Excited frequencies of the apex.

Figure 6.19: Standardized dynamic response test for the measurement of the natural frequencies of
the pressurized flexible hemisphere in the calibration configuration (∆pcal = 43 Pa).
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maximally out of the housing generating the initial local deflection on the surface of the

flexible hemisphere. A mechanism installed at the side of the housing is used to release

the tension on the rod. When activated, the rod is pulled rapidly into the housing by the

initial tension of the spring. When the trigger is activated, the rod is released and the

structure is set into motion. This procedure is considered to be close to a free oscillation

of the body with no external influences other than the initial deflection by the trigger.

The surrounding aerodynamic forces are neglected.

The actual test procedure is as follows [379]: The trigger device is guided by the arc element

by means of the predefined drillings that point radially to the center of the base area of the

hemisphere to assure normal contact between the pointer and the flexible surface. The tip

of the pointer has a diameter of about 1 mm. A deflection of the pressurized membrane

with a pre-defined deformation between 5 and 7 mm is generated at a surface point located

at an angle of 45◦. The oscillations of the structure are monitored at the apex of the

hemisphere. The structure excitations are recorded by DIC (1000 fps at 1503 × 996 pixels)

to capture the time-resolved displacements ∆x, ∆y and ∆z as depicted in Fig. 6.19(c).

Based on these data the dynamic response of the structure is characterized by applying a

fast Fourier transformation. This leads to the natural frequencies of the flexible hemisphere

given in Fig. 6.19(d). The dominant natural frequencies fn of the recorded displacement

signals are summarized in Table 6.5.

Table 6.5: Frequency response of the flexible hemisphere from the standardized dynamic response
test in the range 10 Hz ≤ fn ≤ 120 Hz [379].

Eigenfrequencies f 0
n f 1

n f 2
n f 3

n f 4,5
n f 6,7

n f 8,9
n f 10−13

n

Value [Hz] 22 35 42 62 68, 72 78, 82 92, 96 102, 108, 113, 120

The decomposition of the monitoring point into three components (∆x,∆y and ∆z) reveals

an improved resolution of the spectra compared to the total displacements ∆total that tend

to blur single frequencies to broader peaks. Additionally, a strong oscillating movement in

one direction will cause amplitudes of the other components since the movement of the

monitoring point is a coupled three-dimensional effect, for example visible at f 2
n = 42 Hz.

The frequencies found in the standardized response test are thereon used as reference

values. The following methods should show similar response characteristics.

6.6.2.2 Striker test

An additional test with a more random character was performed with a wooden striker.

The motivation behind this test is to analyze whether the results of the standardized test

are reproducible in a slightly altered setup since the natural frequencies of the setup should

not change. The setup and results are depicted in Fig. 6.20.

In this experiment an arbitrary impact is applied to the side of the flexible hemisphere at a

similar position to the one of the standardized test schematically presented in Fig. 6.20(a).

Again, the displacements of the pressurized membrane are measured at the apex with the
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(a) Schematic illustration of the setup of the striker test.
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(b) Dynamic response of the striker test at apex.
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(c) Excited frequencies of the striker test at the apex.

Figure 6.20: Setup and dynamic response characteristics of the striker test.
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DIC system (1000 fps at 1503 × 996 pixels) after the structure is excited. The occurring

signal of each displacement component is shown in Fig. 6.20(b) with the corresponding

frequencies given in Fig. 6.20(c). A good agreement is found between the arbitrary striker

and the standardized dynamic response test since most of the natural frequencies are

found in the spectrum. Analog to the standardized setup, a dominant peak is found at

f 2
n = 42 Hz. It is assumed that this frequency is connected to a strong eigenmode of the

flexible hemisphere corresponding to the position to where the impact is applied. This

behavior is also visible in the higher frequencies especially of the ∆z component where

larger peaks in the frequency spectrum are associated with the more complex decaying

characteristic in this direction. All natural frequencies measured by the striker test are

listed in Table 6.6.

Table 6.6: Frequency response of the flexible hemisphere from the striker test in the range
20 Hz ≤ fn ≤ 120 Hz.

Eigenfrequencies f 2
n f 3

n f 5
n f 6,7

n f 9
n f 10−12

n

Value [Hz] 42 60 72 78, 82 96 102, 104, 114

The standardized and the striker test are restricted to an excitation at a small local area

on the surface on the outside of the hemisphere. To achieve a more general excitation, a

loudspeaker test is applied as a third tool for the examination of the dynamic characteristics

of the pressurized flexible hemisphere discussed in the next section.

6.6.2.3 Loudspeaker test

In the following a loudspeaker (Pioneer Sub-woofer TS-W304R, frequency range 20-220

Hz, 300 Watt, eigenfrequency at f speaker
n ≈ 26 Hz) is used in order to generate a more

global excitation on the flexible hemisphere by utilizing strong acoustic waves as excitation

source. For this purpose, the hemisphere is fixed onto a flat plate with a circular hole cut

out to which the loudspeaker is mounted as depicted in Fig. 6.21.

loudspeaker
WIKA SL-1

air inlet/outlet

clamping ring

flexible hemisphere

power

amplifier

signal

generator

pressure

transducer sealing

silicone

Figure 6.21: Schematic illustration of the loudspeaker test setup.
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The membrane of the loudspeaker is directed towards the inner domain of the pressurized

hemisphere. In this setup the generated acoustic waves travel freely from the loudspeaker

through the circular hole and then excites the structure. All relevant pressure connections

are fitted to the setup. Additionally, the outer rim of the speaker is isolated by a thick

layer of sealing silicone to keep the setup air-tight.

The loudspeaker is utilized in two ways: First, a single short acoustic impulse is generated

to set the structure into free oscillations. The second experiment considers a constant

excitation of the structure with a frequency sweep starting at 25 Hz and ending at 100 Hz.

While the frequency of the speaker is slowly increasing the answer of the pressurized

hemisphere is measured at the apex. Close to natural frequencies of the flexible hemisphere

the structure excitations should significantly increase independent of the amplitude of the

loudspeaker cone. Especially, this test differs from the previous ones since the structure is

subjected to constantly forced oscillations.

Loudspeaker set to single impulse

The setup and the results of the impulse test are depicted in Fig. 6.22. Figure 6.22(a)

presents a schematic of the loudspeaker connected to the plate. A piezo element is used to

generate a short impulse. It is connected to a power amplifier which drives the loudspeaker

in order to generate an acoustic signal with a duration time of about ∆tspeaker ≈ 0.15 s.

By hitting the piezo element the speaker is activated from its rest position generating a

short transient acoustic wave. The piezo element as well as the inertia of the magnetic

driver of the loudspeaker are not able to produce a perfect square wave. However, the

generated signal is efficient to excite the complete structure without being restricted to a

local area. Furthermore, the loudspeaker does not have direct contact with the structure

of the hemisphere which may cause damage to the delicate membrane. The excitations at

the apex of the hemisphere where measured with the DIC system (1000 fps at 1503 × 996

pixels).

The response characteristic of the apex is depicted in Figs. 6.22(b) and 6.22(c). Be-

sides already measured frequency responses further natural frequencies are visible de-

noted by f ∗
n = 28 Hz, f ∗∗

n = 55 Hz and f ∗∗∗
n = 86 Hz. Especially, the vertical excitation at

f ∗∗
n = 55 Hz may be linked to the configuration of the system. The acoustic waves are

projected in vertical direction with the largest impact visible in the ∆z-component. It

is important to mention that the driver of the speaker first moves downward when it is

activated. This circumstance is responsible for the large negative displacements in the

wall-normal direction. Additionally, this global excitation direction seems to excite the

three new frequencies which are not visible in the other two tests. A summary of the

measured natural frequencies is given in Table 6.7.

Loudspeaker set to frequency sweep

In the second test a frequency sweep in the range 25 Hz ≤ f ≤ 100 Hz was generated

with a digital frequency generator based on a software tool as schematically shown in
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(a) Loudspeaker test setup in single impulse configuration.
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(b) Dynamic response to single impulse at the apex.
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(c) Excited frequencies to single impulse at the apex.

Figure 6.22: Dynamic response test with loudspeaker as excitation source.

Table 6.7: Frequency response of the flexible hemisphere from the single impulse loudspeaker
test in the range 20 Hz ≤ fn ≤ 120 Hz.

Eigenfrequencies f ∗
n f 1

n f 2
n f ∗∗

n f 5
n f ∗∗∗

n f 10
n f 13

n

Value [Hz] 28 35 42 55 73 86 102 118
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Fig. 6.23(a).

For this test, a sinusoidal signal is used during the frequency sweep. The measurements

are carried out with the DIC system set to 250 fps at 1503 × 996 pixels focusing at the

apex of the structure. The lower frame rate is used to increase the acquisition time

of the high-speed cameras. Furthermore, the measurement was split up in three parts

each recording data in a frequency range of ∆f = 25 Hz in order to receive a smooth

sweep without rushing through the generated frequencies leaving enough time for the

flexible structure to react to each frequency appropriately. According to these settings, the

measurement time is increased to 112.2 seconds. The speaker excitations are recorded in a

separate measurement without hemisphere applied to the setup. For this purpose, a speckle

pattern is applied to the central region of the speaker. The identical frequency sweep is

carried out from 25 Hz - 100 Hz leading to the excitation characteristic of the loudspeaker

membrane given in Fig. 6.23(b). As common for loudspeakers the lower frequencies are

generated with larger amplitudes to be resolved sufficiently. With increasing frequency

the excitation of the speaker membrane decreases. The behavior of the loudspeaker is

an important characteristic of the oscillating system observed. It has to be determined

in order to avoid misinterpretation of the final data (see Fig. 6.23(c)). The dynamic

response of the flexible hemisphere to the frequency sweep reveals similar results as the

previous tests. In the range 25 Hz ≤ f ≤ 50 Hz larger excitations are perceived at the

natural frequencies of the speaker f speaker
n ≈ 26 Hz and furthermore at a distinct frequency

peak ranging between 27 - 28 Hz connected to f ∗
n. The frequency f 2

n is visible in the

∆x-component. The largest excitations are reached at about f ∗∗
n = 55 Hz. This frequency

fits well to the single impulse results of the previous single impulse test. Beyond this value

a sudden drop in the amplitude of the apex movement appears. Further peaks are in good

agreement with the other experiments. Finally, all results of the frequency sweep test are

summarized in Table 6.8.

Table 6.8: Frequency response of the flexible hemisphere from the frequency sweep loudspeaker
test in the range 20 Hz ≤ fn ≤ 100 Hz.

Eigenfrequencies f ∗
n f 2

n f ∗∗
n f 3

n f 4,5
n f 6

n f 7
n f ∗∗∗

n f 8
n f 9

n

Value [Hz] 26 42 55 65 70, 75 78 84 86 92 95

The final section deals with the specific characteristics corresponding to the gauge pressure

necessary to keep the flexible hemisphere inflated.

6.6.3 Influence of the gauge pressure on the global dynamics

6.6.3.1 Gauge pressure as additional damping source

Besides the pure material damping of the utilized silicone the gauge pressure and the

surrounding fluid act as an additional damping source. In this case, the whole setup of the

pressurized hemisphere is considered as the damped system. To estimate the influence of
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(a) Loudspeaker test in the frequency sweep configuration.
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(b) Characteristics of the loudspeaker membrane measured at its central region.
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(c) Dynamic response to the frequency sweep at the apex.

Figure 6.23: Dynamic response of the flexible hemisphere with the loudspeaker generating a
frequency sweep signal in the range 25 ≤ fspeaker ≤ 100 Hz.
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the gauge pressure and surrounding air, the results of the striker test are used to calculate

Lehr’s damping ratio of the entire system under operational conditions. The damping

behavior of the entire system differs from the pendulum test. This effect is illustrated in

Fig. 6.24(c). An ideal beam under normal atmospheric conditions oscillates freely with a

regular decay of motion until it comes to rest again similar to the membrane test discussed

in Section 6.5.2.2. The pressurized hemisphere has a slightly different behavior: The force

acting on the inner surface of the hemisphere due to the gauge pressure ∆p is prohibiting

a regular decay motion. Instead, the inward motion of the oscillating structure is inhibited

by the gauge pressure and the upward motion is driven additionally by this pressure force

resulting in the characteristic decay plots in Figs. 6.24(a) and 6.24(b). Based on these

results the damping ratio of the pressurized hemisphere as a global system is determined

and found in the range 0.046 ≤ bsystem ≤ 0.062 with an average of about bsystem = 0.054.

6.6.3.2 Response of the structure at altered gauge pressures

A final study outside the wind tunnel focuses on the natural frequency response of the

flexible structure at the gauge pressures ∆p = 50 Pa, 100 Pa and 200 Pa. Once again,

the DIC measurement system (1000 fps at 1503 × 996 pixels) is used to measure the

displacements of the apex of the flexible hemisphere. An impact with the striker is applied at

the lateral side of the hemisphere strongly exciting the second natural frequency f 2
n ≈ 42 Pa.

This structural behavior is visualized in Fig. 6.25 indicating no significant change of the

natural frequency within the tested gauge pressure range. From this observation it is

concluded that the gauge pressures ∆pFSI,n set during the FSI measurements in the wind

tunnel have no relevance for the second natural frequency f 2
n of the flexible structure.

Therefore, the results at each Reynolds number can be compared directly.

The following part presents the main results of the FSI experiments of the flexible hemi-

sphere in the wind tunnel. All previously discussed characteristics of the structure are

taken into account for a detailed analysis of this complex coupled phenomenon.
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Figure 6.24: Damping characteristics of the flexible hemisphere considering the gauge pressure
∆pFSI acting as restoring force altering the decay of motion compared to the classical
case.
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7. Experimental results

7.1 Background of the conducted experiments

This chapter presents the main results of the conducted measurements. It is organized in

chronological order based on the time line of the experiments depicted in a flow chart in

Fig. 7.1.

The chosen time line of the experiments follows closely the systematic approach discussed

at the beginning of Chapter 2: First, the fluid and the structure domain are investigated

separately before turning towards the coupled problem. Furthermore, some background

information is provided in this introduction adding useful insight into the development of

each study. This leads to the following structuring:

First, the study of the wall-mounted rigid hemisphere exposed to a turbulent boundary

layer at Re = 50,000 is discussed in Section 7.2 based on the studies in [374, 380]. This

study marks the starting point of the later investigated FSI phenomena around the flexible

hemisphere. The main interest here lies purely on the flow field around a perfectly rigid

and smooth hemisphere in order to receive a clear view of the fluid domain which is

compared to the available literature, e.g., see Section 1.2. A large part of this experiment

focuses on the generation of the artificial turbulent boundary layer at the inlet of the

wind tunnel. The main measurements concentrate on the unsteady and time-averaged

flow field characteristics. The time-averaged velocity field and the corresponding Reynolds

stresses are measured in the symmetry plane and an additional spanwise plane in the wake

of the hemisphere. For this purpose, LDA is chosen as a calibration-free measurement

technique in order to generate a reference data set. Furthermore, CTA is applied to measure

the power spectral density (PSD) at specific monitoring points in order to investigate

vortex shedding processes in the wake of the hemispherical object. The data obtained

are further on used as reference for the flow field around the surface-mounted hemisphere.

Additionally, the unsteady flow in front of the hemisphere was captured in a series of

images to qualitatively visualize the horseshoe vortex and to analyze its dynamics on the

basis of the discussion stated in Section 2.2.2. In parallel to the experimental campaign

a large-eddy simulation was carried out confirming the experimental results [380]. The

validated data of this flow case are now available on the ERCOFTAC QNET Knowledge

Base1.

1http://www.kbwiki.ercoftac.org/w/index.php/Abstr:UFR_3-33
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Turbulent flow around a wall-mounted smooth and rigid hemisphere

* Re = 50,000

* Artifically generated TBL at the inlet of the wind tunnel (LDA, CTA)

* Unsteady flow measurements

  - Velocity spectra in the wake flow (CTA)

  - Qualitative images of the flow characterisitcs

* Time-averaged flow measurements (LDA)

  - Velocity field

  - Reynolds stresses

Investigation of the fluid-structure interaction of an 

air-inflated membranous flexible hemisphere in turbulent flow

* Re = 50,000; 75,000 and 100,000

* Artifically generated TBL at the inlet of the wind tunnel (CTA)

* Rigid hemisphere used as reference for the comparison of the flow field

* Unsteady flow and structure measurements

  - Velocity spectra in the wake flow (CTA)

  - Structure oscillations of the surface of the flexible hemisphere (DIC)

* Time-averaged flow and structure measurements

  - Velocity field (PIV)

  - Reynolds stresses (PIV)

  - Mean deformation of the structure (DIC)

  - Standard deviations of the structure oscillations (DIC)

* Link between fluid and structure measurements (DIC, CTA, PIV)

Manufacturing of the 

flexible hemisphere (Ch. 6)

* Production of the flexible model 

   including quality evalution

* Static and dynamic tests of the model 

   outside of the wind tunnel

Feasibility of PIV in the 

wind tunnel setup

* PIV measurements of the flow 

   around the rigid hemisphere

* Comparison between LDA and PIV

T

I
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E

L
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E

Figure 7.1: Chronological order of the experimental investigations carried out in a systematic
step-wise approach.
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Background of the conducted experiments

Second, a straightforward feasibility study on PIV in the actual wind tunnel is presented

in Section 7.4. This is mainly motivated by the fact that PIV is capable to measure

two-dimensional flow fields, complementing the draw-back of spot-wise measurements by

LDA. For the validation of the PIV system, the setup of the former LDA investigations

of the rigid hemisphere at Re = 50,000 is used as reference case. A comparison of the

LDA data with the PIV measurements are considered showing a good agreement between

both measurement devices [376]. The outcome of this measurement campaign cleared the

path for the main FSI measurements of the flexible hemisphere. Aligned to this study

the manufacturing process and the structural characterization of the flexible model was

conducted as discussed in Chapter 6.

Finally, the measurements of the fluid-structure interaction of the air-inflated membranous

hemisphere within a turbulent boundary layer are discussed in Section 7.5. Originally, the

study was intended at a single Reynolds number of Re = 50,000 for a direct comparison

with the former LDA data of the rigid hemisphere. Unfortunately, the deformations of the

flexible structure at this Reynolds number are very low leading to marginal difference to

the flow around the rigid hemisphere. Furthermore, the gauge pressure which is necessary

to keep the membranous hemisphere in shape is very sensible to minor changes. It

has to be operated in a very narrow-banded pressure range to generate conceivable and

stable deformations of the flexible structure: Falling below a critical pressure leads to

the immediate collapse of the hemispherical shape, whereas a higher pressure stiffens the

structure excessively. From this insight, two additional Reynolds numbers Re = 75,000

and 100,000 are taken into account in order to generate larger deformations and to enable

an observable FSI phenomenon. That also avoids the challenges that arise from low gauge

pressure settings. As a consequence, the TBL at the inlet has to be matched to the new Re

numbers in order to maintain comparability. For this purpose, a minor re-positioning of

the turbulence generators is necessary leading to a slightly altered inflow profile compared

to the initial study on the rigid hemisphere. After setting the TBL to comparable velocity

and turbulence levels at each Re number, the measurements of the flow field using PIV

as well as the structure deformations using DIC are conducted. These include a detailed

study of the unsteady and time-averaged characteristics [375, 377–379]. A comparison

between the rigid and the flexible hemisphere showed the influence of the flexible structure

on the flow field.

All presented experimental results are supplemented by numerical simulations [15, 52, 82,

86, 374, 380] found in the literature describing the identical test case. The data from

the literature are based on the CFD code FASTEST-3D [102, 103] using the large-eddy

simulation (LES) technique and the specialized structure solver Carat++ [37, 112] applied

to simulate the membranous structure of the flexible hemisphere. As reported in these

references, both highly specialized codes are coupled by the open-source coupling tool

EMPIRE [306, 307]. At this point the author wants to clearly emphasize that the numerical

data presented in Sections 7.3 and 7.6 of this thesis have not been accomplished by himself

and are only used for a deeper discussion of the experimental results, since the numerical

data are highly beneficial to complement the flow physics as well as the FSI-phenomena.

221



7. Experimental results

7.2 Turbulent flow around a wall-mounted smooth

and rigid hemisphere

This section presents the results of the turbulent flow around a wall-mounted rigid

hemisphere at Re = 50,000 as published in [374, 380]. It is organized as follows: First,

the measurements of the turbulent inflow conditions to the test sections are discussed.

Afterwards the characteristics of the instantaneous flow field are presented. These closely

follow the structure of the flow phenomena mentioned in Section 2.2. Finally, the time-

averaged flow field including two-dimensional velocity fields and Reynolds stresses are

presented.

7.2.1 Turbulent boundary layer characteristics

The measurements of the turbulent boundary layer at the inlet to the test section of the

wind tunnel are depicted in Fig. 7.2. These include the time-averaged velocity profile

in streamwise direction and the corresponding turbulent fluctuations. The setup of the

turbulence generators for this case are discussed in Section 5.2.4 and depicted in Fig. 5.8(c).

Complementary LDA and CTA measurements are carried out in order to evaluate the

properties of the streamwise velocity component u. Especially in the near-wall region

the boundary layer probe of the CTA system (see Section 5.3.1.2) is superior to the LDA

technique for two reasons: First, the CTA probe continuously collects data which are

independent of tracer droplets. Close to the wall the seeding density of the DEHS droplets

decreases which has a direct impact on the data rate. Furthermore, laser reflections caused

by the wall produce a strong noise source decreasing the SNR. Second, the CTA probe can

be moved closer to the wall since the wire of the hot-film probe is much smaller than the

measurement volume of the LDA system. The CTA measurements are compared to the

measurements of the LDA data. The LDA system gathers the TBL data in configuration 2

(see Fig. 5.16(b)) in order to move the probe as close as possible to the wall and to minimize

laser reflections at the flat plate.

The measurements are carried out at the beginning of the test section at x/D = −1.5

in the symmetry plane. To receive the pure characteristics of the turbulent boundary

layer on the flat and smooth plate, the rigid model of the hemisphere is not placed in

the test section. The measured velocity profiles are compared to the reference velocity

distribution described by the universal power law ui = U∞(z/δ)1/7 (see Section 4.2.1).

A major objective of the present case is that the thickness δ of the TBL matches the

height of the hemisphere with δ = D/2. The validation of this requirement is depicted in

Figure 7.2(a). Here, the reference power law and as well as the constant free-stream velocity

above z/D = 0.5 are illustrated as a blue line. A comparison of the analytic reference profile

with the measured time-averaged velocity distributions u/U∞ of the LDA and CTA system

shows a good agreement. Minor deviations are visible in the region z/D ≈ 0.25 which are

captured by both measurement devices. Furthermore, the undisturbed free-stream velocity
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Figure 7.2: Time-averaged velocity profile of the artificially generated turbulent boundary layer
at the inlet of the test section at x/D = −1.5 [380].

u/U∞ ≈ 1 is reached at approximately z/D ≈ 0.5 confirming that the targeted thickness

of the turbulent boundary layer is achieved. The attained data are used to calculate the

displacement thickness δ1/δ (see equation (2.12)) and the momentum thickness δ2/δ (see

equation (2.13)) to 1/8 and 7/72. These values lead to a shape factor of H = δ1/δ2 = 1.286

confirming a classical property of a turbulent boundary layer. The Reynolds number based

on the momentum thickness (see equation (2.14)) is estimated to Reδ2 = 2503.

A further analysis of the velocity profile of the TBL is visualized in Fig. 7.2(b). The

graph depicts the dependency between the dimensionless velocity u+ and the dimensionless

wall-normal distance z+. The distance between the measurement point closest to the

wall and the flat plate is ∆z = 0.25 mm attained by the CTA boundary layer probe. The

velocity distribution in the near-wall region at 4 ≤ z+ ≤ 10 shows a linear dependency

between u+ and z+. This is additionally highlighted by the blue line indicating u+ = z+

which fits to the five CTA measurement points closest to the wall. Referring to the graph

in Fig. 2.9 it is assumed that at least the first two points close to the wall are located close

to the viscous sublayer which ends at about z+ ≈ 5. In order to generate Fig. 7.2(b) an

approximation of the friction velocity has to be made since this is not directly attainable

from the measurements. The measured points near the wall are used to estimate the friction

velocity uτ =
√

τw/ρair = 0.225 m/s (uτ/U∞ = 4.38 × 10−2), where τw is approximated

by µair (∆u/∆z). With these estimations the viscous sublayer (u+ = z+) and the log-law

region (u+ = 1/κ ln(z+) + 5.2) are correctly reproduced with a von Kármán constant of

κ = 0.41. As stated above, minor deviations of the velocity distribution in the log-law

region are observable. Thus, the artificially generated TBL is not exactly aligned with

the 1/7 power law. However, considering the drastic enforcement of the flow in the nozzle

located relatively close to the measurement points, the results are satisfying the desired
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conditions formulated in Chapter 4. Furthermore, a comparison between the LDA and

CTA data shows only minor deviations between both measurements. The measurements

confirm the capability of the LDA system to measure adequately in the near-wall region.

The distribution of the turbulence characteristics within the TBL are given in Fig. 7.3. The

turbulent intensities, (u′)rms/U∞, (v′)rms/U∞ and (w′)rms/U∞ are depicted in Fig. 7.3(a).

All measured values are given in percent. The distribution of the streamwise fluctuations

recorded by LDA and CTA are nearly identical. Thus, it is assumed that this behavior is

also valid for the spanwise and the wall-normal component since these are solely measurable

by LDA.
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Figure 7.3: Turbulence characteristics of the artificially generated turbulent boundary layer at
the inlet of the test section at x/D = −1.5 [380]

Similar distributions of the turbulence intensities are observed by Counihan [75] in the

case of elliptic turbulence generators. Additionally, comparable distributions are obtained

by Schlatter et al. [291] performing a direct numerical simulation (DNS) of a turbulent

boundary layer on a flat plate at a Reynolds number of Reδ2 = 2500 very similar to the

presently generated TBL. A gradual increase of the streamwise turbulent fluctuations

(u′)rms/U∞ from the free-stream with about 1.2% to the near-wall region with a peak value

of about 12.1% at z/D = 0.01 is observable in Fig. 7.3(a).

The corresponding Reynolds shear stress component u′w′/U2
∞ is presented in Fig. 7.3(b).

In order to determine these values the independently recorded flow component of the LDA

data are used. Since there is no direct correlation between the two components (u and

w) in a series of measurements, a coincidence time-span, in which the two components

are correlated, is necessary. For this purpose, the measured velocity components are

gathered using a window function setting a fixed time interval in which both components

are considered to be correlated. In the present study, this time interval is set to 6 ms

receiving adequate results according to the literature. For the measurements of the TBL

224



Turbulent flow around a wall-mounted smooth and rigid hemisphere

characteristics only the Reynolds shear stress u′w′/U2
∞ depicted in Fig. 7.3(b) is of physical

relevance. The other cross-components u′v′/U2
∞ and v′w′/U2

∞ theoretically vanish due to

the homogeneity of the spanwise direction.

Obviously the measurements show that the predefined inlet conditions of a fully devel-

oped turbulent boundary layer with a desired thickness of δ/D ≈ 0.5 are attained. The

customized assortment of vortex generators placed in the nozzle of the wind tunnel are

capable of mimicking a naturally developing TBL along a rather short distance. The

obtained time-averaged velocity profile is in close agreement with the reference 1/7 power

law. Finally, the distribution of the turbulent fluctuations within the TBL are comparable

to those found in the literature [75, 188, 285, 291]. The turbulence levels are all in a rea-

sonable range considering the short development length between the turbulence generators

and the location of the measurements.

7.2.2 Unsteady flow field

7.2.2.1 General classification of the flow field

This section discusses the results of the unsteady flow characteristics around the rigid

hemisphere at Re = 50,000. First, the systematic classification map introduced by Savory

and Toy [288] (see Figs. 1.5 and 2.2) is used to locate all relevant regions. For this purpose,

an attempt is made to qualitatively capture the features of the unsteady flow field in the

symmetry plane by standard photographs. In this experiment, the flow around the model

of the hemisphere is illuminated by a continuous laser light-sheet focusing on the symmetry

plane. The flow is densely seeded with DEHS droplets in order to enable a detailed view

at the prominent regions of the flow field as shown in Fig. 7.4.

(1) horseshoe

vortex system

(2) stagnation area

(4) flow separation

(6) shear layer

(7) recirculation area

bluff body

(3) generation of

vorticity

Figure 7.4: Visualization of flow regions and characteristic flow features of the flow past the
hemisphere: (1) horseshoe vortex system, (2) stagnation area, (3) generation of
vorticity, (4) flow separation, (5) dividing streamline (not illustrated), (6) shear layer
development and (7) recirculation area.

In the upstream flow field a horseshoe vortex system (HSV) with two clearly distinguishable

vortices is visible at the lower front of the hemisphere. Above the HSV the flow stagnates
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building a high pressure region forming in front of the hemisphere. After exceeding

this region the flow accelerates along the front surface of the hemisphere leading to the

generation of near-wall vorticity. At about the apex of the hemisphere the flow detaches

from the surface of the smooth body. The separation is occurring along the separation line

as outlined in Section 2.18. The wake of the hemisphere is divided by the recirculation

region interface (RRI) into the recirculation area and the developing shear layer. The size

of the recirculation area behind the hemisphere is evaluated by the reattachment point.

This point is not visible in the photograph.

7.2.2.2 Horseshoe vortex system

The dynamics of the horseshoe vortex system are captured using the same approach as

in the previous section. Figure 7.5 depicts a series of subsequently taken photographs

extracted from a video file.

This image is inspired by the illustration shown in Fig. 2.14 originally considered by

Dargahi [79]. Image (1) shows the major vortex V2 close to the lower front of the

hemisphere receiving large parts of the momentum of the flow. Although not directly

visible, the corner vortex V1 is indicated as a physical necessity since the flow separates

from the lower surface of the hemisphere. As the major vortex evolves its lower part

separates from the wall contributing to the generation of the counter-rotating vortex V3

(image 2). The formation of a fourth vortex is visible in image (3) as a consequence of

the separation of the approaching boundary layer. This is caused by the positive pressure

gradient in front of the hemisphere. As V4 is pushed towards the major vortex V2 (image

4) the saddle point S appears between V2 and V4 (see also Fig. 2.15) indicating that

both vortices are detached from the lower wall. Afterwards (image 5) the vortices V2 and

V4 merge to a single large vortex. A smaller counter-rotating vortex V5 appears maybe

arising from V4 caused by similar effects as for V3. The full impact of the merging process

between vortices V2 and V4 is visible in image (6). The vorticity of the resulting single

major vortex (images 7 and 8) increases. Albeit the rather crude imaging technique used

to generate this series, a good agreement is found with the observation made by Baker [21]

and Dargahi [79] for wall-mounted cylinder flows.

7.2.2.3 Shedding processes

Besides the strong dynamics of the horseshoe vortex system in front of the hemisphere,

complex vortex shedding processes are occurring in the wake region as introduced in

Section 2.2.3.3. In order to identify the distinctive shedding types and their associated

frequencies, velocity spectra are measured at specific locations (see also Section 5.3.1.1).

The measured velocity spectra of the two monitoring points P1 and P2 are depicted in

Fig. 7.6(a). Each point is chosen based on the investigations of Manhart [208] analyzing

the same positions for a conducted large-eddy simulation. The location of the points

are additionally visualized in Fig. 7.6(b) for the side view and in Fig. 7.6(c) for the

top view. The monitoring point P1 (x/D = 1.25, y/D = 0, z/D = 0.4) is located in
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Figure 7.5: Dynamics of the horseshoe vortex system in front of the rigid hemisphere.

the symmetry plane focusing on the symmetric vortex shedding (type 1). Contrarily,

the second monitoring point P2 is located outside of the symmetry plane (x/D = 1.25,

y/D = 0.37, z/D = 0.16) targeting the determination of the von Kármán shedding (type

2). As shown in Fig. 7.6(a), at these locations the respective shedding type with its

corresponding frequency is clearly visible in the power spectral density.

At the location P1 the PSD shows the highest values between 7.9 Hz ≤ f1 ≤ 10.6 Hz which

corresponds to a Strouhal number range of 0.23 ≤ St1 = f1D/U∞ ≤ 0.31. The maximum

of the PSD is located at about f1 = 9.2 Hz (St1 ≈ 0.27). Outside the symmetry plane at
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Figure 7.6: Velocity spectra at the monitoring points P1 and P2 in the wake regime of the
hemisphere.

P2 a clear frequency peak is observed at f2 ≈ 5.5 Hz connected to a Strouhal number of

St2 ≈ 0.16. This confirms the presence of two vortex shedding types mentioned above:

The separation of the flow at the apex of the rigid hemisphere leads to the detachment of

“arch-type”-vortices measured at the monitoring point P1 with a characteristic shedding

frequency ranging between 7.9 Hz ≤ f1 ≤ 10.6 Hz translating to the Strouhal number

range 0.23 ≤ St1 ≤ 0.31 . A type-2 shedding process is captured at point P2 at the sides

of the hemisphere with a frequency of f2 = 5.5 Hz (St2 = 0.16). Interestingly, the two

shedding types alternate in time so that only one is present at a specific instant in time.

The structure of the first shedding type can be described as a “quasi-symmetric” vortical

structure forming and detaching along the separation line in a symmetric manner. This

leads to so-called “arch-type”-vortices [284] or “symmetric”-vortices [244]. The second

type relates to a “quasi-periodic” von Kármán vortex shedding forming large “single-sided”

structures with an alternating detachment pattern. These vortices are commonly observed

in the wake of geometrically two-dimensional obstacles such as cylinders.

As mentioned earlier, both patterns alternate in time so that either the symmetric or the

alternating shedding type is present in the wake during a certain period of time. This

unsteady characteristic of the flow was also observed by Manhart [208]. The observations

based on large-eddy simulations by Manhart assume a correlation between the symmetric

shedding type and the small-scale turbulent structures originating from the upstream

turbulent boundary layer. Manhart suggested that the small-scale, less energetic turbulent

structures enable the stable formation of the symmetric vortex shedding. This is argued by

the fact that this shedding type nearly completely vanishes in simulations that are run on a

rather coarse grid, where the small-scale flow structures cannot be resolved appropriately.

It is important to mention that the large-eddy simulations carried out by Manhart [208]

are not directly comparable with the present study. This LES study was performed
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at a Reynolds number of Re = 150,000 and furthermore the surface of the hemisphere

exhibits an artificial surface roughness introduced by the chosen numerical approach.

Nevertheless, the qualitative results show a similar behavior indicating the presence of two

major shedding frequencies in the wake.

The analysis of the shear layer instability as mentioned at the end of Section 2.2.3.3 turns

out rather difficult. The frequency peak of the shear layer is generally much smaller

compared with the amplitudes of the large-scale vortex shedding in the wake. Furthermore,

the hemisphere is subjected to a highly turbulent flow regime. This makes it challenging

to identify possible frequencies connected to the shear layer instability which might be

completely disguised by the turbulent fluctuations of the approaching TBL. Although using

the empirical approach (see equation (2.22)) suggested by Norberg [240] and Prasad and

Williamson [264] non of the many frequencies in the velocity spectrum can be explicitly

matched to the shear layer instability.

7.2.3 Time-averaged flow field

Each point in the flow field is measured by LDA for a time span of t = 40 seconds

which translates to about 1370 dimensionless time units t∗ = t U∞/D. This amount

of data is more than sufficient to receive a statistically converged time-average. This

statement is based on the observations by Garćıa-Villalba [118] who showed that for the

flow around an axisymmetric three-dimensional hill based on a large-eddy simulation at

Re = 130,000 (Reδ2 = 7300) an averaging interval of about 80 dimensionless time units is

already reasonable to achieve reliable statistics. The main results of the LDA measurements

focus on the detailed visualization of the velocity components u/U∞ and w/U∞ as well

as the corresponding Reynolds stresses u′u′/U2
∞, v′v′/U2

∞, w′w′/U2
∞ and u′w′/U2

∞. Two-

dimensional contour plots are generated for the symmetry plane and additionally for the

spanwise plane located at the streamwise position x/D = 0.5 in the wake. In addition,

selected profiles at specific locations along the streamwise direction of the flow field are

presented.

7.2.3.1 Velocity field

Symmetry plane

The time-averaged flow field is analyzed again by making use of the classification map

presented above (see Fig. 7.4). First, the flow field in the symmetry plane is analyzed with

regard to its characteristic regions.

The streamwise velocity component u/U∞ is shown in Fig. 7.7(a). The oncoming flow up-

stream of the hemisphere in the region −1.5 ≤ x/D ≤ −0.75 shows that the thickness of the

approaching boundary layer is matching the height of the hemisphere well with z/D ≈ 0.5.

The development of the horseshoe vortex is visible in front of the hemisphere between

−0.75 ≤ x/D ≤ −0.5 indicated by a strong backflow. The approaching TBL detaches

from the ground at xdetach/D = −0.9 due to the positive streamwise pressure gradient
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Figure 7.7: Time-averaged velocity components measured by LDA in the symmetry plane of the
rigid hemisphere at Re = 50,000 [380].

(stagnation area) located at the bottom front of the hemisphere at about ϕLDA
stag = 166◦.

Furthermore, the expansion and the number of vortices of the horseshoe vortex system

are usually also visible in the time-averaged streamlines. Unfortunately, these cannot be

visualized in case of the LDA measurements, since the necessary data of the wall-normal

component are not available due to the restrictions explained in Section 5.3.2. The next

characteristic region is the separation line, where the flow detaches from the surface of

the hemisphere. Especially the separation characteristics of the flow mark an important

feature for the validation of numerical simulations since the exact location depends on
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multiple physical flow properties such as Reynolds number, turbulence intensity of the

oncoming boundary layer and surface roughness of the hemisphere. At the separation point

in the symmetry plane the flow detaches at an angle of ϕLDA
sep ≈ 90◦. The separated flow

leads to the development of the free shear layer. This is visible as a strong velocity gradient

between the outer flow field and the recirculation area in the wake. The recirculation area

stretches up to about x/D ≈ 1.0. As initially observed by Savory and Toy [288] global flow

conditions such as turbulence intensity of the approaching boundary layer have a strong

impact on the location of the reattachment point. Previous studies [169, 289, 330, 334]

show the influencing character of the turbulence level of the oncoming flow on the length

of the recirculation area: With an increasing turbulence intensity the location of the

separation point is shifted towards positions further downstream on the surface of the

hemisphere leading to a shorter recirculation area.

The wall-normal velocity component w/U∞ is presented in Fig. 7.7(b). As mentioned

before, the flow field close to the bottom wall is not resolved due to the restrictions of the

chosen setup (see Section 5.3.2). The missing data is blanked out. A prominent vertical flow

is observable in front of the hemisphere. At this location the flow is accelerated along the

smooth surface visible by an increasing velocity in the region −0.45 ≤ x/D ≤ −0.15 and

0.25 ≤ z/D ≤ 0.45. The acceleration of the fluid starts after exceeding the stagnation area.

At about 0.5 ≤ x/D ≤ 1.5 and 0.40 ≤ z/D ≤ 0.85 the wake shows a strong downward

velocity component. Here, the flow passes the hemisphere and gradually orients towards

the ground where it finally reattaches again. The time-averaged streamlines are plotted in

Fig. 7.7(c) revealing the flow separation at about ϕLDA
sep ≈ 90◦ and the large recirculation

region in the wake. In conclusion, the overall velocity distributions measured are in good

agreement with the literature. All characteristic flow regions are visible.

In addition to the contour plots, Fig. 7.8 depicts the velocity distributions at specific

locations x/D along the streamwise direction for the velocity components u/U∞ and w/U∞
in the symmetry plane.

The chosen profile plots are subdivided into the upstream region, the hemisphere and the

wake region each consisting of three profiles. Beginning with the streamwise component

in Fig. 7.8(a): The TBL at x/D = −1.5 exhibits a small dent in the velocity distribution

at about z/D = 0.1. This fits to the measurements of the TBL without a hemisphere

placed in the wind tunnel. The dent decreases in streamwise direction as seen at position

x/D = −1.0. Just before the hemisphere at x/D = −0.6 the strong backflow of the HSV

is observed. The flow stays attached to the surface of the hemisphere until reaching the

separation point at about x/D = 0. After exceeding this location the wake flow reveals a

strong back flow of the streamwise component connected to the recirculation area. This

influence weakens with increasing streamwise distance as visible at positions x/D = 1 and

x/D = 1.5.

The wall-normal component is depicted in Fig. 7.8(b). The TBL does not reveal a strong

wall-normal component. The acceleration of the flow along the surface of the hemisphere

is evident at position x/D = −0.25. Similar to the other components the impact of flow

separation is clearly visible at x/D = 0.25. The wall-normal component in the recirculation
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Figure 7.8: Time-averaged velocity profiles measured by LDA at specific locations in the symmetry
plane of the rigid hemisphere at Re = 50,000 [380].

area at x/D = 0.5 is pointing in positive direction translating to an upward oriented flow

along the lee-side of the hemisphere. Outside the recirculation area at x/D ≥ 1.0 the

velocity component is pointing downwards indicating a reattachment of the flow in the far

wake.

Spanwise plane at x/D = 0.5

In addition to the measurements in the symmetry plane, the flow field in the spanwise

plane at x/D = 0.5 is reviewed to provide an idea of the three-dimensionality of the

flow. It is captured by the LDA configuration 1 determining the streamwise and spanwise

velocity components. In this setup, the measurements in the near-wall region are conducted

considering the influence of the strong laser reflections. Therefore, the laser power is

decreased during the entire measurement in order to reduce this effect efficiently. The

targeted measurement plane ranges between −1 ≤ y/D ≤ 1 and 0 ≤ z/D ≤ 1. The contour

plots for the streamwise u/U∞ and spanwise velocity v/U∞ components are depicted in

Fig. 7.9 for the spanwise plane in the wake of the hemisphere.

First, the streamwise component is presented in Fig. 7.9(a). A feature immediately standing

out is the pronounced shear layer forming an arched structure driven by the surface of

the hemisphere. Its overall dimensions fit well to the size of the hemisphere ranging

between −0.5 ≤ y/D ≤ 0.5 in the spanwise direction with a height of about z/D = 0.55.

Furthermore, the blue core region shows the actual size of the recirculation region at
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Figure 7.9: Time-averaged velocity profiles measured by LDA in the spanwise plane at the
streamwise position x/D = 0.5 of the rigid hemisphere at Re = 50,000 [380].

this position. Above the shear layer a slightly higher streamwise velocity is observable

connected to the accelerated flow occurring in front of the hemisphere. The lateral sides

show the cross-section of the horseshoe vortex with its core region at about y/D = ±0.7

as it wraps around the hemisphere. Furthermore, the approaching boundary layer is

noticeable at the far sides. As expected for a wall-mounted hemisphere, a symmetric

distribution of the streamwise velocity component is found.

Figure 7.9(b) presents the spanwise velocity component v/U∞. Contrary to the streamwise

component the spanwise component is antisymmetric to y/D = 0. It reveals two counter-

rotating vortices. The velocity distribution of the horseshoe vortex does not contain a

significant cross-flow component.

In the next section a closer view at the corresponding Reynolds stresses is taken. These

are used to investigate the velocity fluctuations in the symmetry and spanwise plane.

7.2.3.2 Reynolds stresses

Symmetry plane

Reynolds stresses are second-order moments calculated from the velocity data as mentioned

in Table 4.2. These are used to describe the fluctuations occurring in the flow field. Large

velocity fluctuations are usually associated with turbulence. The distribution of the

attainable Reynolds stresses measured by LDA are depicted in Fig. 7.10. The discussion

begins with the normal Reynolds stresses in streamwise direction u′u′/U2
∞. The velocity

fluctuation at the position x/D = −1.5 are connected to the approaching TBL with

the highest velocity fluctuations measured in the near-wall region. The influence of

the horseshoe vortex system starts at about x/D ≈ −0.9 and stretches out until about

x/D ≈ −0.5. The determination of this region is more distinct than in the former velocity

plot (see Fig. 7.7(a)) since the second-order moments are more sensitive to small changes

in the flow field. The separation of the flow is clearly detectable at ϕLDA
sep ≈ 90◦ with the

highest Reynolds stresses appearing in the free shear layer right after the separation point.
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The large velocity fluctuations in this region are associated with the highly dynamic roll-up

process of the vortices. The influence of the shear layer stretches out into the wake of the

hemisphere up to about x/D = 1.75. The recirculating fluid close to the lee-side of the

hemisphere reveals lower Reynolds stresses compared to the free shear layer. The boarder

between the shear layer and this part of the recirculation is visible by a strong gradient.

The distribution of the spanwise normal Reynolds stress component v′v′/U2
∞ is given in

Fig. 7.10(b). The LDA measurements show high Reynolds stresses throughout large parts

of the wake and the near-wall region. Especially this component is very high around the

reattachment area of the flow at the ground. Its magnitude is comparable with the normal

Reynolds stress u′u′/U2
∞ in the shear layer. In particular, this effect is associated with the

“splatting” process occurring in the vicinity of the reattachment region. Here, the flow hits

the wall and a part of its momentum is redistributed from the wall-normal component to

the lateral component. Furthermore, the large separated vortices from the lateral sides

of the hemisphere (the symmetric arch-type and the von Kármán shedding processes)

strongly influence this region of the flow field. Again, a sharp separation between the

recirculation area close to the lee-side of the hemisphere and the shear layer is present.

The wall-normal Reynolds stresses w′w′/U2
∞ are depicted in Fig. 7.10(c). Again, intense

Reynolds stresses are present in the free shear layer and the recirculation region at

1 ≤ x/D ≤ 1.5 similar to the results of the other components discussed above. All three

normal Reynolds stresses reveal the fully three-dimensional character of the flow, especially

in the wake region. Although this part of the flow is not measured by the LDA system, a

decrease of the wall-normal fluctuations is noticeable in the vicinity of the bottom wall

close to z/D = 0.1.

Finally, the Reynolds shear stress component u′w′/U2
∞ is shown in Fig. 7.10(d). Here, the

correlation between the streamwise and the wall-normal velocity fluctuations is highest in

the shear layer region, where a strong mixing of the flow is observed.

As for the velocity field some profiles of the Reynolds stresses are presented in Fig. 7.11 in

order to receive a quantitative representation of each component.

At the apex of the hemisphere the beginning of the flow separation is detectable by a

slightly increased Reynolds stress close to the surface. The strongest velocity fluctuations

are present shortly after the separation point at x/D = 0.25 with a sharp peak at the

height z/D = 0.55 which is connected to the developing free shear layer. This peak value

decreases with increasing streamwise position. However, the influence of the shear layer

remains visible at all positions in the wake regime.

The profiles for the spanwise normal Reynolds stresses are presented in Fig. 7.11(b) showing

similar results as discussed for the streamwise fluctuations. As mentioned before, the

largest Reynolds stresses are due to the near-wall region, where the flow is redistributed due

the sudden transfer of momentum from the wall-normal velocity component to the spanwise

direction. Interestingly, this trend seems to intensify at positions further downstream.

However, it must be mentioned again that the near-wall region is affected by strong laser

reflections. These have a significant impact on the sensitivity of the second-order moment.

Nevertheless, this effect is mostly found in the region z/D ≤ 0.1.
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Figure 7.10: Reynolds stresses measured by LDA in the symmetry plane of the rigid hemisphere
at Re = 50,000 [380].
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Figure 7.11: Reynolds stress profiles measured by LDA at specific locations in the symmetry
plane of the rigid hemisphere at Re = 50,000 [380].
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The normal Reynolds stresses connected to the wall-normal velocity fluctuations are given

in Fig. 7.11(c). Once more, these follow the behavior of the other two normal components

until x/D ≈ 0.5. At this position the impact of the shear layer is still very prominent.

After exceeding this location this “spike” characteristic is no longer present in the wake for

the wall-normal fluctuations. Instead, the larger part of the significant velocity fluctuations

are smoothly distributed in a “belly-shape” profile with the highest values observed at a

height between 0.2 ≤ z/D ≤ 0.4. This characteristic profile shape remains visible up to

the position x/D = 1.5.

Figure 7.11(d) shows the Reynolds shear stresses. The most prominent changes of this

component are recognizable in the regions connected to the shear layer and the wake

regime. Decreasing values are observed in the far wake similar to all other components.

Spanwise plane at x/D = 0.5

Referring to the discussed velocity distributions in the spanwise plane (see Fig. 7.9), the

corresponding normal Reynolds stresses are depicted in Fig. 7.12.
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Figure 7.12: Time-averaged velocity profiles measured by LDA in the spanwise plane at x/D = 0.5
of the rigid hemisphere at Re = 50,000 [380].

Figure 7.12(a) presents the streamwise Reynolds stress component u′u′/U2
∞. The high

velocity fluctuations associated with the shear layer are forming an arched shaped structure.

This region reveals a sharp outline surrounded by lower fluctuations in the core region

of the recirculation zone and in the outer flow field. Interestingly, a small region with

remarkably low Reynolds stresses in streamwise direction is observable in the lower region

of the symmetry plane at y/D = 0. Furthermore, slightly larger velocity fluctuations are

present at y/D = ±0.7 connected to the core region of the horseshoe vortex. The influence

of near-wall laser reflection are noticeable close to the wall.

Finally, the normal Reynolds stresses for the spanwise velocity component are depicted

in Fig. 7.12(b). Generally, the occurring distribution is very similar to the streamwise

component although the shear layer is not as clearly visible as in the former case. However,

the near-wall region in the symmetry plane reveals larger Reynolds stresses caused by the

redistribution of the momentum of the wall-normal component hitting the ground.
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The next section is devoted to some of the interesting findings based on numerical

simulations found in the literature [380]. Although the methodology of the presented

large-eddy simulations are not presented in detail here, they are worth mentioning in order

to show the three-dimensional characteristics of the flow field. The validated numerical

simulations taken from the literature have the advantage of a fully three-dimensional data

set of the complete flow field around the rigid hemisphere. These data contribute largely

to the insight and understanding of the flow physics around the hemispherical body.

7.3 Discussion of the experimental results using nu-

merical data from the literature based on LES

The advantage of the data from the large-eddy simulations is mainly found in its high

spatio-temporal resolution. The elaborate numerical simulations chosen to supplement the

experimental findings are conducted on a high-performance computer2 providing a large

amount of flow field information. Due to the fine computational grid (30.72× 106 control

volumes) used for the LES the received data sets include smallest vortical structures such

as corner vortices. This makes it is possible to investigate larger structures such as the

horseshoe vortex system in detail. A selection of unsteady and time-averaged numerical

results based on the three-dimensional data found in [380] is presented in the following.

These are used to provide a deeper insight into the complexity of the observed flow problem.

7.3.1 Unsteady flow characteristics

The symmetric vortex shedding type 1 is visualized in Fig. 7.13(a) by the velocity magnitude

in a two-dimensional plane near the bottom wall. In addition, the complex vortical

structures forming in the wake close to the lee-side of the hemisphere are schematically

presented in Fig. 7.13(c) showing the symmetric character of the vortices at the chosen

instant in time. These large-scale vortical structures are superimposed by smaller vortices

nicely showing the turbulent nature of the examined flow problem. In the same fashion, the

alternating von Kármán vortex shedding type 2 is illustrated in Figs. 7.13(b) and 7.13(d).

The alternating nature between both shedding types is additionally sketched in Fig. 7.13(e).

Once again these data support the finding of Manhart [208] who captured the same

phenomena by a large-eddy simulation carried out at Re = 150,000. Furthermore, the

pronounced horseshoe vortex system curling around the front of the hemisphere is captured

by the instantaneous flow visualization of the LES data.

Three-dimensional vortex structures are visible in the iso-surface images depicted in

Fig. 7.14. The images show the fully three-dimensional vortex structures forming around the

hemisphere by utilizing iso-surfaces of the pressure fluctuations (p′/(ρairU
2
∞) = −2.47×10−4)

colored by the spanwise instantaneous velocity. The averaged separation line occurring

2The numerical part of the project, which is not conducted by the author of this Thesis, is financially supported by the
Deutsche Forschungsgemeinschaft under the contract number BR 1847/12. The computations are carried out on the German
Federal Top-Level Computer SuperMUC at LRZ Munich under the contract number pr84na and pr53ne.
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Figure 7.13: Visualization of the two vortex shedding types present in the wake behind the
hemisphere based on large-eddy simulations [82, 380]. Color plots are based on the
velocity magnitude near the bottom wall.
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Figure 7.14: Instantaneous vortex structures visualized by iso-surfaces of the pressure fluctuations
set to p′/(ρairU2

∞) = −2.47 × 10−4 [380] colored by the spanwise instantaneous
velocity.

on the surface of the hemisphere is indicated as a dashed line. The wake is dominated

by large hairpin structures that are interacting with each other visible as large entangled

loops. Also the horseshoe vortex system is detectable in front of the hemisphere.

These illustrations of the instantaneous flow show the high value of the chosen LES data

source from the literature [380] in order to receive deeper insight. However, both methods

(experiments and numerical simulations) have their specific advantages that are necessary

to understand the complexity of the flow. This is also valid for the time-averaged data

which are presented in the final paragraph of this section.

7.3.2 Time-averaged flow characteristics

The time-averaged data of the LES [380] are used to visualize the flow by streamlines

in a two-dimensional plane and three-dimensional filaments. Figure 7.15 presents wall

streamlines in the x–y–plane including the surface of the rigid hemisphere. This illustration

is suitable to examine the separation and reattachment characteristics of the flow field

according to the terminology based on the critical point concept discussed in Section 2.1.2.

In the following the main flow features are listed with regard to similar studies found

in the literature. Moving along the symmetry plane a series of saddle “S” and nodal “N”

points are used to indicate separation or reattachment characteristics of the flow. The
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index of each point is connected to the associated flow feature.

Upstream of the hemisphere the flow is slit by the dividing streamline at the saddle point

Sdiv that wraps widely around the bluff body in a circular pattern marked as a red dashed

line. It is associated with the separation of the boundary layer from the bottom wall

mainly due to the positive streamwise pressure gradient forming in front of the hemisphere

as a consequence of the stagnation area. The same streamline patterns are observed by

Martinuzzi and Tropea [212] in case of the turbulent flow around a wall-mounted cube at

Re = 4.3× 104.

y

xz

sl

recirc.

Sdiv
N

Nstag

V2

Nfootprint

Nfootprint

Sreattach

Figure 7.15: Visualization of the three-dimensional flow around the wall-mounted rigid hemisphere
based on large-eddy simulations [380]. Critical points are marked in red. Dividing
and separation lines are indicated as red dashed lines.

Close to the front side of the hemisphere the flow field is characterized by the large horseshoe

vortex system. The main vortex V2 is highlighted in translucent red. A prominent repelling

nodal point N is detected in front of the main vortex V2, where streamlines bundle up in a

single point. Similar patterns are discussed in Section 2.2.2 (see Fig. 2.15) for the flow

around a wall-mounted cylinder [79].

At the lower front side of the hemisphere the stagnation area is clearly visible as the

repelling nodal point Nstag. Behind this point the flow accelerates in streamwise direction

along the surface of the hemisphere until the separation line is reached. The flow detaches

along this line which stretches widely across the circumference until close to the bottom wall

indicate as a red dashed line. As mentioned earlier, this flow feature strongly depends on

the Reynolds number and the turbulent fluctuations of the approaching flow. For example,

in the turbulent flow past an axisymmetric bump [59, 60, 118, 309] at Re = 1.3× 105 the

separation line is shifted to the backside of the three-dimensional hill.

The wake of the hemisphere shows the recirculation area enwrapped by the red dashed
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line. The reattachment point is located in the symmetry plane characterized by the saddle

point Sreattach. Furthermore, two symmetric spiral flow patterns are visible on the ground

wall directly behind the hemisphere. These are the “footprints” of the arch-type structure

(see Figs. 7.9 and 7.12) represented by attracting nodes Nfootprint. This particular pattern

is also observable for similar wall-mounted bluff bodies such as the previously mentioned

cube [212] and the finite-height cylinder [257].

Further interesting results of the numerical simulations are depicted in Fig. 7.16. A detailed
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(f) Separation of flow close to the apex.

Figure 7.16: Three-dimensional visualization of the main flow features based on the time-averaged
data of the complementary large-eddy simulations [380]. The coloring of the 3D-
filaments is based on the wall-normal velocity component.

view of the time-averaged flow connected to the horseshoe vortex system in the symmetry
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plane is illustrated in Fig. 7.16(a). The streamlines indicate four distinctive vortices: The

corner vortex V1, the main vortex V2, a secondary counter-rotating vortex V3 and another

clockwise-rotating larger vortex V4. These data support the qualitative conclusions drawn

from the photographs presented in Fig. 7.5.

In addition to the streamlines a view of the HSV is depicted in Fig. 7.16(b). For this

purpose, three-dimensional filaments are used to visualize the spatial characteristics of

each vortex. In order to enhance the three-dimensional view, the filaments are colored

based on the mean wall-normal velocity component. The image shows the x–y–plane of

the flow with the four previously described vortices. At the stagnation area the filaments

bundle up closely. They are stretched as they trail around the front of the hemisphere.

Due to the symmetry of the flow field only one side of the horseshoe vortex distribution is

illustrated. The three-dimensional characteristics of the main vortex V2 are depicted in

Fig. 7.16(c) wrapping around the lower front of the obstacle.

The second large flow region is the recirculation area shown in Fig. 7.16(d). The three-

dimensional filaments coil up in an arc-shaped manner. This view is useful to visualize the

size of the recirculation region forming in the wake of the hemisphere. Furthermore, the

surface streamlines on the lee-side of the hemisphere are presented in Fig. 7.16(e). The

arrows of the streamlines indicate the backflow occurring on the surface of the hemispherical

object. At the lower leeward side another repelling node Nrep is visible similar to the

stagnation area in the front. Additionally, two symmetric spiral flow patterns are visible

at the lower sides of the hemisphere. These are related to attracting nodes Nattr. At this

location three flow phenomena interact with each other: The main and the corner vortices

of the horseshoe vortex system curling along the contour of the hemisphere, the detached

flow at the separation line and the circulating flow on the lee-side of the hemisphere.

Another interesting flow pattern occurs just behind the separation line on the hemisphere

(see also Fig. 7.15). It stretches along the circumferential direction parallel to the actual

separation line. This surface streamline pattern is caused by a relatively narrow and flat

counter-rotating vortical structure depicted in Fig. 7.16(f). The vortex rotates counter-

clockwise leading to positive wall shear stresses in this narrow region. It depends on the

Reynolds number and turbulence intensity of the flow which is presented in Section 7.6.
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7.4 Feasibility of PIV in the wind tunnel

The previous section discussed the results of the LDA measurements of the turbulent flow

around the hemisphere. As a physically linear measurement technique, LDA is ideally

suited as reference device. Furthermore, the seeded DEHS droplets are well detected by

the utilized LDA system. However, LDA is restricted to a small measurement volume,

where only spot-wise data acquisition is possible. This characteristic brings the following

drawbacks:

1. The measurements of a larger flow field containing a reasonable number of measure-

ment points is time consuming. For example, the raw measurement time for the

3280 measurement points (2041 for the symmetry plane and 1239 for the spanwise

plane) of the LDA investigations takes about 36.4 hours not including the traversing

time between each point.

2. Instantaneous flow characteristics can only be determined spot-wise. For larger flow

fields, solely the determination of time-averaged data is feasible.

3. The locally fixed measurement volume is not capable to adapt to a moving surface

as necessary for FSI.

4. LDA measurements at near-wall points of the silicone model bear the risk of damaging

the delicate model. As stated in the former point, the LDA measurement volume is

locally fixed. At stronger structure oscillations the measurement volume has to be

kept at a safety distance from the moving model in order to avoid melting of the

silicone. This significantly reduces the spatial resolution of LDA close to the flexible

hemisphere.

In order to circumvent these drawbacks, PIV is considered as a superior technique for the

FSI measurements. It is suitable to collect the instantaneous data in a large two-dimensional

plane. The applied light sheet has a far lower light intensity than the single-point LDA

measurement volume. Furthermore, the light sheet illuminates also the near-wall regions

of the flow field, especially the oscillating structure of the flexible hemisphere without

any restrictions. A large sample of instantaneous measurements can be easily used for an

adequate time-average.

The main objective of this study is to ensure the possibility of conducting PIV measurements

in the current wind tunnel setup since it has not been tested before in an air flow. The

applied PIV system has only been used before in a water tunnel setup. In order to evaluate

the feasibility of PIV in the present wind tunnel, the identical setup of the rigid hemisphere

at Re = 50,000 is used. Afterwards the results are compared with the LDA reference

measurements.

Since the feasibility study is conducted before the actual FSI investigations, a slightly

different PIV setup as mentioned in Section 5.3.3 is utilized. The measurements are
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carried out with a 4 MP CCD camera at an operating distance of lop = 1320 mm con-

nected to a calibration factor of 0.193 mm/px. This yields a global frame size of about

342 mm × 187 mm (length × height) translating into the non-dimensional expansions

2.28 × 1.25 normalized by the diameter D of the hemisphere. The time span between

the images is set to ∆tPIV = 150µs with an acquisition time of 7.25 fps (straddle mode)

between two image pairs. The spot dimensions (interrogation window) are set to 48 × 48

pixels with a 50% overlap on a standard Nyquist grid. The commercial software TSI

Insight4GTM (Version 10) is used to collect and process the data obtained. The measure-

ment contains 500 image pairs for the evaluation of the flow field. This corresponds to a

measurement time of about 70 seconds (t∗ = 2398). All other components (laser, DEHS

seeding) and arrangements (orientation of the mirror) are identical to the setup presented

in Fig. 5.18.

For the quantitative comparison between LDA and PIV, profile lines at specific locations

in the flow field are used. These are at the streamwise positions x/D = -1, -0.8, -0.6,

-0.4, -0.2, 0, 0.2, 0.4, 0.6, 0.8 and 1. First, the time-averaged velocity field in Fig. 7.17 is

discussed.

The profile lines of the PIV measurements are shown as continuous blue lines. These are

superimposed by the spot-wise LDA measurements taken from the study in [380] and

visualized by black squares. The approaching flow at x/D = −1 and -0.8 is captured well

by the PIV system showing a good agreement with the reference LDA data. A deviation is

visible in the region of the horseshoe vortex system at the location x/D = −0.6. Here, the

PIV system measures lower back flow velocities for the streamwise component depicted in

Fig. 7.17(a). Further positions in the vicinity of the hemisphere and the wake are in good

agreement with the reference data. Some minor deviations appear close to the surface

of the hemisphere and in the near-wall region in the wake. These are mainly caused by

strong laser reflections of the light sheet of the PIV system hitting the surface of the flat

plate and the hemisphere. The wall-normal velocity component presented in Fig. 7.17(b)

confirms these observations.

The second-order moments are depicted in Fig. 7.18. As observed for the velocity field, the

upstream region is in good agreement between PIV and LDA. The largest deviations be-

tween both techniques are found in the streamwise normal Reynolds stresses in Fig. 7.18(a)

in the wake. Although the shape of the profiles are similar, the PIV measurements show

slightly lower fluctuations compared to the LDA system. This is also visible in the wall-

normal component shown in Fig. 7.18(b). Here, especially the location x/D = 0.2 reveals

a largely underestimated velocity fluctuations of the wall-normal velocity component. The

profiles further downstream in the wake show a better agreement with the LDA reference

measurement. Contrarily, the profiles of the Reynolds shear stresses depicted in Fig. 7.18(c)

are in very good agreement throughout the complete flow field.

As a result, the investigations confirm the capability of PIV to measure the flow past the

hemisphere within the given wind tunnel setup. All relevant flow phenomena are resolved

and fit well to the reference measurements of the LDA system taking the limited amount

of the recorded data into account. The occurring deviations between the PIV and LDA
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Figure 7.17: Comparison of the time-averaged velocity profiles measured by LDA and PIV in
the symmetry plane of the rigid hemisphere at Re = 50,000 [376].

measurements, especially for the Reynolds stresses, are connected to the following two

issues:

• PIV measurements are collected in a time span of 70 seconds (t∗ = 2398). However,

the chosen sample size of 500 image pairs is low compared to the LDA system, which

collects between 10,000 and 50,000 values at each measurement point within the time

interval of 40 seconds. Turbulent flows with larger velocity fluctuations require a

sufficient amount of data in order to converge adequately. This is especially necessary

for the Reynolds stresses, which are sensitive to the averaging procedure. Here, short

but intense transient effects, such as large vortices passing the measurement field,

can bias the Reynolds stresses towards larger values if the sample size is not large

enough. However, the main objective of the present study is to prove the capability

to use PIV in the wind tunnel which is confirmed.
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Figure 7.18: Comparison of the Reynolds stress profiles measured by LDA and PIV in the
symmetry plane of the rigid hemisphere at Re = 50,000 [376].

247



7. Experimental results

• The spatial resolution (4 MP) of the PIV system at the given operation length

lop = 1320 mm is not capable to resolve smaller turbulent structures since the

utilized interrogation window of 48 × 48 pixels, translating to a physical size of

9.264 mm × 9.264 mm, is too large. The averaging across this window size leads to

underestimated Reynolds stresses.

Considering these issues certain improvements are required, such as the minimization of

laser reflections, a closer operating distance increasing the spatial resolution and a larger

sample size of the collected image pairs.

The first two points are rather simple to solve: The influence of the laser reflections are

reduced by optimizing the height of the PIV camera. The camera is adjusted so that the

surface of the flat plate is visible as a thin line in the image. This has no direct influence on

the laser reflection itself since the laser power is not modified. Nevertheless, it minimizes

the risk of overexposure of the PIV images reducing a significant noise source.

The operation length of the camera system is decreased according to the settings mentioned

in Table 5.3. A detailed description of further criteria for the accurate resolution of turbulent

structures for the given PIV setup are discussed in Section 7.5.1.1 with respect to the

turbulent boundary layer of the FSI investigations.

Finally, a 29 MP CCD camera with an interrogation window size of 24 × 24 pixels (1.518

mm × 1.518 mm) is utilized. A sample size of 1500 image pairs is considered to capture

the flow field in case of the FSI measurements. This still seems to be low compared to

the LDA reference, but is motivated by the storage size required for the generated images

taken by the 29 MP camera used for the FSI measurements. In this case, a single image

has a size of about 58 MByte yielding an overall sample size of 348 GByte raw data for one

Reynolds number in one configuration, for example the flexible hemisphere at Re = 50,000.

All six measurement trails require a storage size of 2.088 TByte for the raw PIV images.

In almost all cases a pre-processing filter is used to reduce noise of the images to enhance

the quality of the processing step. For this purpose, the original data are duplicated and a

final storage size of 4.176 TByte is necessary for the complete PIV campaign.

The results of the actual investigation of the fluid-structure interaction of the air-inflated

flexible hemisphere are discussed in the following section.
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