




Abstract

The objective of this thesis is to identify and characterize the footprint of coherent flow
structures at the wall by means of electric wall-bounded sensor arrays. Microstructured
hotfilm sensors are ideally suited for this due to their sensitivity, sampling rate and design
flexibility. As much as 64 sensors with 1.5 mm pitch can be arranged in a linear array.
In a second novel sensor design, a tightly packed array of 63 sensors in 7 spanwise rows
with 9 sensors with 4 mm pitch in each direction was used to capture 2D projections of 3D
flow phenomena. The potential of the sensor array, which dynamic signal did not require
extensive calibration, was demonstrated by analysing the rich diversity of well-known flow
structures present in a backward-facing step flow with step-height h.

In a first experiment the linear hotfilm array was integrated within the backward-facing
step splitter plate and then investigated at a free-stream velocity of u0 = 7.1 m/s in a
free-stream wind-tunnel. Simultaneously, particle image velocimetry was used to investigate
the flow field. The examination of the dynamical structures with image-processing routines
yielded consistent results to the integral methods for both hotfilm anemometry and particle
image velocimetry measurements. Besides the reattachment-length of xr ⇡ 8.2, the group
velocity was determined to lie in in the range of ug = 0.4� 0.5 u0. Both the vortex shedding
frequency with Sr = 0.16 and the flapping frequency with Sr = 0.01 were determined.

In a second experiment conducted in the trisonic windtunnel of the Universität der Bun-
deswehr München, the backward facing step model was investigated at Mach 0.8 and the
corresponding reattachment length and group velocity were measured. Under such flow
conditions, flow structures were erratic due to the turbulent flow state and no noticeable peak
in the power spectrum occurred. This flow condition also persisted when applying rectan-
gular lobes to affect the separation line with an induced additional geometric turbulence.
However, the reattachment location moved further upstream to xh = 1.5� 3 and the dynamic
intensity was suppressed overall in positions xh < 6. Here the largest suppression was
observed for the insert with amplitude h. The circular 2D sensor array showed the structure
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size at location xh to be approximately 2 h streamwise and approximately 0.8 h spanwise,
without separation line alteration. Both structure dimensions were found to increase for the
rectangular separation line alteration.

This thesis demonstrates that image processing techniques applied to the output feed of
sensor arrays are proficient to determine flow-parameters associated with coherent structures.
Both the linear and the 2D sensor array were found to be well suited to retrieve time-
dependent information from coherent structures under high-speed flow-conditions. These
results highlight the great potential of sensor system arrays as analysis and diagnostic tool
for future active flow control schemes.
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Übersicht

Das Ziel der Doktorarbeit ist die Identifikation und Charakterisierung von Fußabdrücken
von kohärenten Flussstrukturen, die mittels neuartig entwickelten wandgebundenen Sensoren
gemessen wird. Zu diesem Zweck wurden innovative mikrostrukturierte Heißfilmsensoren
entwickelt, die sich durch ihre hohe Sensitivität, Abtastrate und Design-flexibilität auszeich-
nen. Bis zu 64 Sensoren mit 1.5 mm Rasterabstand können auf einem linearen Sensorarray
platziert und parallel betrieben werden. In einem weiteren neuartigen Design wurden 63 Sen-
soren in jeweils 7 Reihen spannweise mit 9 Sensoren mit 3 mm Abstand platziert. Mittels
dieses Aufbaus war es mglich, die 2D Projektion von Strömungsphänomenen zu erfassen.
Die Leistungsfhigkeit der Sensoranordnungen, deren dynamisches Signal keine aufwendige
Kalibrierung bentigte, wurde anhand einer rückwärtsgerichteten Stufe mit Stufenhöhe h

aufgrund ihres bekannten, vielseitigen Strömungsbild untersucht.

In einem ersten Experiment, durchgeführt in einem offenen Windkanal bei einer Freis-
trahlgeschwindigkeit von u0 = 7.1 m/s, wurde die lineare Sensoranordnung innerhalb
der rückwärtsgerichteten Hinterkante integriert und simultan mittels der Particle Image
Velocimetry Methode untersucht. Die Untersuchung der dynamischen Strukturen mit
Bildverarbeitungs- und Integralmethoden erzielten vergleichbare Ergebnisse, sowohl für
Heissfilm als auch Particle Image Velocimetry Messungen. Neben einer Wiederanle-
gungslänge von xr ⇡ 8.2 wurde eine Gruppengeschwindigkeit im Bereich ug = 0.4 � 0.5 u0

und eine dimensionslose Wirbelfrequenz von Sr = 0.16 der kohärenten Strukturen bestimmt.
Eine ”Flapping”-Frequenz von Sr = 0.01 konnte trotz Hochpassfilter der individuellen
Heissfilmsensoren über Bildverarbeitungsmethoden des Sensorfeldes erstmalig bestimmt
werden.

In einem weiteren Experiment wurde das Hinterkantenmodell bei Mach 0.8 im trisonis-
chen Windkanal der Universität der Bundeswehr München untersucht. Unter diesen Be-
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dingungen konnte die Gruppengeschwindigkeit und Wiederanlegungslänge mit Hilfe der
mikrostrukturierten Heissfilmsensoren bestimmt werden. Die kohärenten Strukturen sind
unbeständig und es waren keine deutlichen Maxima im Spektrum erkennbar. Weiterhin
wurde gezeigt, dass eine Korrelation zwischen aneinander nachfolgenden Sensoren auftritt,
was ein klares Indiz fr makroskopisch kohärente Strukturen ist, die sich über mehrere Sen-
sorlängen ausbreiten. Nach der Anpassung der Abrisskante durch quadratische Nocken
wurde dieses Phänomen ebenfalls beobachtet. Die Sensoren zeigten hierbei erfolgreich
wie die Wiederanlegungskante stromauf wandert und sich die Intensität der dynamischen
Strukturen für xh < 6 verringerte. Die größte Unterdrückung wurde durch Nocken mit einer
Amplitude von h erzielt. Das zirkulare 2D Sensorfeld misste Strukturen einer Größe von
circa 2 h in stromweiser und 0.8 h in spannweiser Richtung am Punkt der der Wiederanle-
gung xh. Beide Messgrößen erhöhten sich durch die Änderung der Hinterkante durch die
quadratische Nocken.

Im Rahmen dieser Arbeit wird erfolgreich gezeigt, wie Bildverarbeitungsmethoden zur
Auswertung von Heissfilmsensorarrays genutzt werden können. Sowohl das lineare Sensor-
design als auch das 2D Sensorarray haben sich als Messinstrumente bewährt, um bei hohen
Strömungsgeschwindigkeiten zeitabhängige Informationen zu kohärenten Strukturen zu
liefern. Die hier präsentierten Ergebnisse verdeutlichen das große Potenzial der mikrostruk-
turierten Heissfilmarrays zur Regelung aktiver Strömungskontrolle.
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i!t)
· running index for discrete data [-] (e.g. i = 1...N)
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K · Kernel function for integral functions [-]

· list of identified structures for tracking
· overlap ratio of hamming windows for Welch algorithm [-]

1



Contents

Kn Knudsen number [-]
L list of identified tracks
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Re Rynolds number [-]
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S · number of segments used for Welch algorithm [-]
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T(ov, f ,s,0) temperature [K] (ov=overheat, f =fluid, s=solid, 0=room temper-

ature)
u,v,w velocity components [m/s]
u0 refers to incident flow [m/s]
u
0,v0,w0 fluctuation velocity components [m/s]

u,v,w time average velocity components [m/s]
x,y,z Cartesian coordinate axes [m]
xc,yc coordinates of centroid of a structure [m]
xh,yh,zh coordinate axes with respect to step height h [-]
X reverse Fourier transform coefficient [1/m], [1/s]
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↵ temperature coefficient of resistivity [1/K]
✏ emissivity [-]
� · thermal conductivity [W/(m · K)]

· free mean path [m]
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µ · mean value

· kinetic viscosity
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· Stefan Boltzman constant [Wm
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cross correlation of x1 with x2
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two point correlation of x1 with x2

Abbreviations
AC Amplified Circuit
ADC Analogue to Digital Converter
BW Black and White
cwt continuous wavelet transform
CTA Constant Temperature Anemometry
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DTFT Discrete Time Fourier Transform
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PIV Particle Image Velocimetry
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Chapter 1
Introduction

The separation and reattachment of shear layers at a backward-facing step is a common
flow effect that has a fundamental influence on the aerodynamic properties of a system
such as the load or skin friction coefficient. This influence is related to the boundary layer
change and generation of time-dependent coherent structures exerting a direct influence
on the state of the flow field. Thus, it is desirable to obtain a better understanding of
those structures and the footprints they leave along the surface by means of time-resolved
measurements at the wall. A method for shear stress measurements at the wall based on
the flow dependent heat convection is the microstructured hotfilm (HF) sensor. Due to
the high sensitivity and temporal resolution these sensors are developed and used within
this thesis in array-configurations in order to verify and investigate dynamic flow structures
under low- and high-speed conditions. To determine the connection between the footprint
of the coherent structures at the wall and their topology in the flow field, particle image
velocimetry (PIV) was performed simultaneously. Consequently, this work intends to build
a bridge between traditional electronics, fluid dynamics as well as methods used in image
processing to investigate the dynamics responses on the sensor array. For that purpose, a
well-known flow configuration with rich flow structures was chosen: A generic symmetrical
backward-facing step (BFS), where separation is created at a fixed geometrical disturbance
with height h = 7.5 mm (see sketch in figure 4.7). The dynamic flow field is captured on
the rear plate with up to 63 hotfilm sensors, which record the change in mass-flow with high
sampling rates up to 50 kHz. By means of hardware filtering, only the dynamic response
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Introduction

is captured and amplified, without any need for calibration. It is the goal of this thesis
to investigate the extracted information on the flow field and limits of the measurement
technique. This can be highly beneficial for future active flow control actuation schemes
aiming at manipulating the properties of coherent flow structures to delay flow separation or
to reduce drag using feedback provided by the dynamic hotfilm sensor response. Therefore,
a forced passive change of separation line is also examined.

The thesis itself is structured into 5 parts, preceded by this introduction and concluded
by the outlook, literature and acknowledgement. Chapter 2 focuses on fluid dynamical
foundation and in particular the theory of the backward facing step. The relevant physical
quantities for describing such a flow field are listed and elaborated. This includes the
underlying physical models, which lead to characteristic flow phenomena found in the
backward facing step.

Among the diverse methods available to extract flow information, chapter 3 introduces
two measurement techniques in detail, which are applied within this thesis. Particle image
velocimetry is used to measure the velocity field of the flow and hotfilm anemometry is
employed to obtain information on the wall-shear stress. Moreover, their respective merits
are discussed under the constraints of low- and high-speed flow conditions.

Since the microstructured hotfilm sensors are designed by the author, the necessary
prerequisites and technical challenges for running the system are subject within chapter 4.
The read-out hardware for the constant temperature anemometry (CTA) circuits is explained.
This leads to the understanding of the the choice for an additional high-pass filtering, used for
obtaining and properly amplifying the dynamical response of the signal without running into
saturation of the analog to digital converter (ADC). Besides the design and manufacturing
of the sensors themselves, the arrangements for the arrays are laid out. In particular, this
consists of a linear sensor with a predominant directional sensitivity arranged in a linear
array with 64 active sensors with 1.5 mm pitch. Another type is a novel circular sensor
design, which abandons directional bias and is arranged in a 2D 7 ⇥ 9-array configuration
on a 4 mm grid.

In chapter 5 the linear hotfilm sensor array is integrated within the splitter plate of the
backward-facing step model and put into action in an open free-jet wind tunnel. The linear
hotfilm sensor is triggered simultaneously with the high-speed particle image velocimetry
measurements at 10 kHz sampling rate at free-stream velocity 7.1 m/s. The flow visual-
ization allows to detect vortical structures, moving downstream and comparing them to the
simultaneous hotfilm-measurements. Image processing techniques and integral methods are
used and their performance compared to each other. This enables to obtain a better idea of
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how much information gets lost during the projection of a structure within the flow to the
wall-bounded microstructured hotfilm sensors.

The final experiment detailed in chapter 6 investigates the dynamical performance of
both hotfilm sensor arrays under high-speed conditions at Mach number of 0.8. This was
achieved in the transonic wind tunnel (TWM) of the Universität der Bundeswehr München.
The flow field is much more turbulent and a simultaneous PIV observation not feasible due
to the limited sampling rates. Yet, within the microstructured hotfilm sensors, coherent
structures are still visible within the (x, t)-plane. However, they are not as regular and
well-defined as in the low-speed case. The reason for this observation will be examined
as well. To manipulate the separated flow, squared lobes were installed of the separation
location. A drastic shift in variation is observed through the modification of the separation
edge with a squared lobes.

The conclusion and outlook in chapter 7 wraps up the results and puts them into per-
spective. This includes the success at low velocities for visualising the projection of the 2D
flow structures on microstructured linear hotfilm sensor arrays and using image processing
analysis for direct information extraction. It will be seen that HF sensors are a valid tool
under high-speed conditions, though the irregular flow limits the use of image analysis
methods. While the 2D circular sensor array was verified and allowed a spanwise structure
size estimation, its great heat generation has limited its use to high-speed flows. Therefore,
methods to decrease the sensor size and increase the sensor number are discussed. The
author hopes that this work motivates others for further investigations on a 2D arrays and
the application in active flow control schemes.

7





Chapter 2
Flow over a backward facing step

The purpose of this chapter is to introduce the flow configuration, which will be used in the
experiments in chapter 5 and 6 to investigate the performance of the microstructured hotfilm
sensors in a flow field. After recapitulating the general flow field description, the focus shifts
to the backwarf-facing step flow configuration. The understanding of the main parameters
and general flow regimes of a backward facing step will help to interprete results and put
them into perspective. The geometric dimensions of the model used within this thesis will be
described during the integration of the microstructured hotfilm sensor array in section 4.5.

2.1 Motivation

The phenomenon of flow separation and reattachment has many technical applications. It
occurs naturally in several internal flows such as channels with sudden expansion (Devenport
et al. 1993) or simple diffusers and combustors (Pitz et al. 1983) if the adverse pressure
gradient is too large. Other applications include bluff bodies with splitter plates, fences, ribs
and wedges (Westphal et al. 1984). In addition, there is a huge significance to separation
and reattachment in aeronautical flows such as the uplift of airfoils (Hu et al. 2008) and
stress analysis of rocket nozzles (Shi 2005). In order to gain knowledge of the significant
principles involved, the backward facing step is a wide-spread prototype configuration that

9



Flow over a backward facing step

exhibits both the separation and reattachment of the flow. An advantage against models with
a curved profile in terms of flow description is the fixed separation point, which provides
an invariant of the flow configuration. In a backward facing step configuration, separation
occurs due to the flow experiencing an abrupt adverse pressure gradient and the ensuing
geometric perturbation induces a separation of the boundary layer.

2.2 Description of a general flow field

In fluid dynamics the flow state is governed by the Navier Stokes equations. From the
microscopic Boltzmann description of any set of particles within a volume, the macro-
scopic discription is derived from the statistical mean. This leads to the Navier-Stokes
equations, where the statistical moments velocity u, pressure p and temperature T of a
particle-distribution function are used (Herbert Oertel 2010). An equivalent heuristic deriva-
tion can be done through the conservation laws of mass, momentum and energy (Herbert
Oertel 2010), which in turn are dependent on velocity u, pressure p and density ⇢ of the
fluid. Using the Einstein summation notiation, the three conservation laws defining the set
of Navier Stokes equations are specified in equations (2.2.1), (2.2.2) and (2.2.3).
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The continuity equation (2.2.1) represents the conservation of mass-fluxes. In the case
of an incompressible flow the equation simplifies to @ui/@xi = 0. The conservation of
momentum (2.2.2) depends on the momentum fluxes entering and exiting a representative
volume element, additional external forces f and the shear and normal stresses ⌧. The
normal stress ⌧ii = �ii � p contains the pressure contribution to the momentum, whereas the
contributions �ii and ⌧i j with i , j are dependent on the viscosity µ. Under selected flow
conditions the friction expressed through viscosity can be neglected and the momentum
equations reduce to the Euler-equations. For incompressible flows the continuity and
momentum equation are enough to describe the flow. However, if the density-distribution
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2.2 Description of a general flow field

plays a role, such as at high flow-velocities, then the energy-equation (2.2.3) cannot be
decoupled from the momentum equation and must be taken into consideration. Besides the
internal and kinetic energy entering and exiting the fluid, also the heat by conduction and
work done due to pressure, normal and shear stresses contribute to the balance. Neglecting
radiation, this balance is given by equation (2.2.3).

Additionally to these mass, impulse and energy balance-equations there exists additional
material equations, which can be either deduced empirically or through a kinetic ansatz
from the Boltzmann transport equation (Jischa 1982). The most relevant in our context
are Newton’s equation of viscosity and Fourier’s law of heat conduction. One important
class of problems are boundary-equations, where the flow-profile close to the boundary
layer is investigated. For many laminar flow problems the NS equation simplifies to the
Prandtl boundary equations, where the pressure normal to the wall does not change. This
allows to approximate the pressure in the flow through measurement of the pressure at the
wall. In general this equation needs to be solved through the integral-equations of Karman
and Pohlhausen, where a polynomial ansatz leads to the Karman impulse equation for the
boundary layer (Jischa 1982). In special geometric cases, such as the laminar flow over
a plate with uniform velocity, the Prandtl boundary equations can be transformed into an
ordinary differential equation with an exact solution, which can then be solved numerically.
A very important result from the investigation of the boundary flow is that pressure induced
separation is only possible with an increase in pressure. This increase is associated with a
decrease in flow velocity.

Towards the end of the 19th century the systematic investigation of turbulent flow started.
Based on Reynolds dye experiment turbulence was associated with a stability-problem (Rott
1990). Applying distortion analysis to the NS equation yields the Orr-Sommerfeld equation,
where the damping effect of viscosity is responsible for suppressing initial disturbances or
permitting their growth (Jischa 1982). Since solving the NS equations directly would require
the amount of data-points to be in the order of the molecules involved, a reduced number of
data-points is necessary to be within feasible limits of computer processing power. One such
approach is the Reynolds descomposition (2.2.4), where the flow-field velocity is separated
into its time-averaged constituent u and time-dependent constituent u

0.

ui = ui + u
0
i

(2.2.4)

Applying this substitution into the NS equation and time-averaging the result leads to a
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Flow over a backward facing step

modified set of equations (2.2.5) and (2.2.6) - the Reynolds-averaged Navier-Stokes (RANS)
equations. The momentum equation (2.2.6) contains correlation terms, which required
additional equations for closure of the equation system. These turbulence models are used
to connect the Reynolds tensor with the time-averaged velocitiy field. Obtaining a transport-
equation for the Reynolds tensor and the energy is similarly done by multiplying with u and
averaging. Details can be found in (Jischa 1982).

@ui

@xi

= 0 (2.2.5)

⇢ui

@uj

@xi

= � @p
@xj
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@uj
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0
i
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j
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For boundary layer flow the equations can be simplified in a way that has formally
no difference to a laminar boundary layer. An important result from the analysis is that
turbulent boundaries can contain a memory effect. This memory effect is pertained by
coherent structures and thus makes their study such an important topic in turbulent flows.
For the study of those structures and their effect on the boundary, the following subsections
introduce the backward-facing step flow, its relevant parameters and dynamics.

2.3 BFS main parameters

A backward-facing step experiment can be distinguished through several design and flow-
field related parameters (Bradshaw et al. 1972). Based on the geometry and initial flow
conditions other physical quantities characterize the nature of the innate flow regimes. An
overview of the flow configuration and its main constituents is sketched in figure 2.1. An
incoming turbulent boundary layer � separates at the backward facing step resulting in an
unsteady shear layer. The mean dividing stream line can then be used to define the mean
reattachment length xr and confines the mean separation bubble. Close to the separation
edge a secondary recirculation occurs. In this context (h, z0, y0) is determining the specific
design geometry and (u0, �) are the imposed parameters from the flow configuration. In
detail, the main variables to describe a backward-facing step flow are the following:

• Geometric design parameters: The most striking geometric design parameter is the
step height h. It is used to define both the expansion ratio h/y0 together with the
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Figure 2.1: An illustration of the BFS and its main constituents.

vertical distance to the channel wall z0 and the aspect ratio h/z0 with the spanwise
distance to the channel wall y0.

• Flow parameters before separation point: On par with the importance of the step
height, is the free stream velocity u0. Along the wall, a boundary layer has developed
within the free stream up to the separation point due to the no-slip boundary condition
at the wall surface (Dowling et al. 2015). A boundary layer can be characterized
by three parameters. The first is the boundary layer thickness �, which can be
defined as the length normal to the wall, where the velocity has reached 99% of the
free-stream velocity u(�) = 0.99 · u0. The second is the displacement thickness,
which is defined as the normal distance from the wall, where the mass flow rate is
equal to a flow where the boundary is ignored. In an incompressible flow it is defined
as �1 =

R 1
0

dy

⇣
1 � u(y)

u0

⌘
. The third parameter is the momentum thickness, where

the total momentum between wall surface and reference plane of a flow without
boundary layer are equal. Analogously, it can be defined through the integral �2 =R 1

0
dy

u(y)

u0

⇣
1 � u(y)

u0

⌘
in incompressible flow. A combined parameter used to determine

the nature of the flow is the shape factor H = �1

�2

. A shape factor around H = 2.6
indicates a laminar Blasius profile, while lower values around H = 1.4 indicate a
dominant turbulent velocity profile (Schlichting 1979).

• Additional parameters after separation point: Behind the step the flow separates
and reattaches on the wall downstream. This mean reattachment location xr is

13



Flow over a backward facing step

taken from the time averaged field. There are several definitions in the literature (e.g.
(Friedrich et al. 1990; Le et al. 1997) ) and thus the choice partially depends on the
sensors and measurement technique available. In most cases the difference of the
derived reattachment location xr is marginal and common definitions for xr are based
on:

(i) location at the wall where the mean horizontal velocity flow field reaches zero:
u = 0.

(ii) location at the wall where the mean wall shear stress is zero: ⌧ = 0.
(iii) location where the dividing streamline � = 0 hits the wall.
(iv) location where the probability density function of forward and backward move-

ment of the flow is 50 %.

The dynamics of periodic innate flow phenomena of the BFS such as the flapping
motion of the reattachment length xr and the vortex shedding of the shear layer after
separation are described through frequencies f .

• Dimensionless quantities: In order to compare one experiment with another exper-
iment of different geometric design or facility restrictions, physical parameters in
flow physics are often scaled with respect to a characteristic measure in order to
obtain a dimensionless quantity (Dowling et al. 2015). In BFS experiments this can
be either the step height h, momentum thickness �2 (Hasan 1992), shear layer width
or reattachment location xr (Driver et al. 1987). Since the step-height h is easily
accessible and does not depend on the flow measurements and their precision, it is
taken as the reference length scale for this thesis in the evaluations of chapter 5 and
6. This allows also a direct comparison with most common configurations found in
literature. Thus, the eucledian coordinate system is scaled with positions xh = x/h ,
yh = y/h and zh = z/h.

The Reynolds number (Rott 1990) is the ratio of the inertial forces to viscous forces
and is defined as Reh = h · u0/⌫, where the kinematic viscosity ⌫ is density dependent.
This also infers a temperature dependence ⇢(T) through the ideal gas equation, which
is treated extensively in (F. E. Jones 1978) and has to be taken into account in relevant
high-speed experiments. The Strouhal number (Strouhal 1878) is used to scale the
oscillation flow mechanisms with respect to the incoming flow field u0 and geometric
scale h and is accordingly defined as Sth = f · h/u0.

For high-speed measurements, where compressibility effects become important, the
Mach number Ma = u/uc becomes relevant for a complete fluid dynamical charac-

14



2.4 BFS review

terization such as for the boundary layer. It is the ratio of the flow velocity u to the
local speed of sounds uc (Dowling et al. 2015). Within this thesis the focus lies on
the subsonic regime Ma < 1, with special emphasis on the transonic regime state at
M = 0.8 in chapter 6, where viscid and inviscid aspects of the flow coexist (Dowling
et al. 2015). This is also the relevant Mach-number range for take-off, cruise-flight
and landing in commercial airplanes, where an optimum towards lift and drag is
investigated (Sorensen et al. 1983; Torenbeek 1988).

2.4 BFS review

The following subsection is intended to give a review of selected publications that highlight
the main flow effects and theories regarding the backward facing step. The focus of this part
is the incoming boundary layer and the main flow-regimes with their descriptive parameters.
For the main flow field this is the reattachment length and characteristic frequencies with
respect to the dynamic effects.

2.4.1 Incoming boundary layer and its dynamics

In every flow moving along a wall, the formation of a boundary layer is induced due to
friction of the wall. This can be mathematically described by the no-slip condition, which
states that as long as the viscosity of the fluid is not exactly zero then right next to the wall
the flow does not move and the velocity gradually increases until it reaches the free-stream
velocity value (Dowling et al. 2015). A very successful technique to describe boundary
layers and permitting the interpolation to high Re number flows are scaling laws. These are
used by defining and comparing dimensionless length and velocity scales. The choice of
length scale highly depends on the proximity to the wall and can be roughly divided into
two distinct regions (Smits et al. 2006):

(a) The inner flow, also called viscous sublayer, is dominated by viscous stresses. These
molecular shear stresses ⌧visc = µ (@u/@z) are much higher near the wall than the
negligible Reynold shear stresses ⌧Re = �⇢u0v0 due to the no-slip condition and the low
flow velocity. For incompressible flow the dimension analysis for the law of the wall
leads to u/u⌧ = f

�
yu⌧/⌫

�
(Prandtl 1933).

(b) For the outer flow the gradient of the turbulent stresses dominates while viscous stresses
become negligible. For incompressible flows the outer layer defect law can be described
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Figure 2.2: General regions of a boundary layer profile under zero pressure gradient based
on (Chauhan et al. 2009).

through dimension analysis as ue�u

u⌧
= g

⇣
⌫
�

⌘
(Karman 1930).

The mean-flow behaviour of the boundary layer over a flat plate has the shape of figure
2.2 (a) (Chauhan et al. 2009). It illustrates the 5 different regions and highlights the two
most common mathematical descriptions of the relationship between dimensionless velocity
dependence and dimensionless wall distance (Purtell et al. 1981): the linear viscous sublayer
u
+ = y

+ and the logarithmic region u
+ ⇡ ln(y

+
). Both are connected by a buffer region

where the velocity gradients of the viscous and logarithmic regions match. At higher
distances y

+ from the wall, the wake region deviates from the logarithmic profile due to the
effect of intermittency (Coles 1956), which is finally migrating into the potential region,
where the influence from the wall friction is negligible. The two main differences between
a laminar and turbulent boundary layer are that (a) the slope near the wall is steeper for
the turbulent flow and that (b) the turbulent boundary layer is thicker due to the enhanced
mixing (Abernathy 1968). The latter case is evident when comparing approximations based
on experimental data, where a turbulant boundary grows with x

4/5 compared to the increase
of a laminar boundary with x

1/2 (Anderson 1989). For compressible flows the Mach number
becomes an additional scaling parameter besides the length and velocity (Smits et al. 2006).
The Mach-gradient due to the no-slip boundary layer then leads to high dissipation at
the wall, which in turn gives rise to high temperature gradients, providing a significant
contribution to the inner boundary layer (Smits et al. 2006).

While in laminar flow the streamlines of the velocity profile are clearly well organized
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2.4 BFS review

and almost parallel to each other, this is not the case within turbulent flow (Anderson 1989).
The scaling laws can also be applied to turbulent time-averaged flow with the same set of
velocity and length scale for both inner and outer layer. With respect to the dynamics of
eddies within the turbulence, two hypothesis are of importance (Townsend 1956): First, the
attached eddy hypothesis asserts that eddies are attached to the wall with a main average
distance. Second, the Reynolds number similarity hypothesis argues that the interaction
between large and small scales eddies takes place through several intermediate steps. In the
case of inviscid large scale motion it is thus independent of Re. The contributions of the
energetic structures within the flow can be deducted through dimensional analysis of the
length scales of various flow regimes (Perry et al. 1986). The viscosity dependent motions
are dominated by the Kolmogoroff scales, while the outer flow scaling is based on the
Townsend’s Reynolds number similarity. The inner flow scaling is characterized through
overlap regions, where the scales must be equal to the Kolmogoroff scaling or outer flow
scaling respectively.

In order to obtain a better understanding and predictability of dynamics, it is of importance
to investigate organized motions in the flow. The coherent motion of flow structures can be
used to investigate correlations among flow variables and flow mechanisms (Robinson 1991),
where the formation of structures and turbulence is a cycle: First a disturbance of sufficient
size imposes a local pressure gradient that decelerate the flow, leading to an inflection point,
the vorticity stretch then develops a wave due to osscilations that roll up and break up into
smaller scales after a sufficient time.

2.4.2 General flow regimes

In his review, (Bradshaw et al. 1972) described the backward facing step as an overwhelming
disturbance, where the shear layer type changes altogether. This is different for weak
disturbances with little velocity and length scale change, where calculations for thin shear
layers are applicable. For strong perturbations the thin shear layer approximations are not
feasible any longer, yet the significant alteration in turbulence structure are not enough to
change the type. While before separation a zero-pressure-gradient boundary layer exists,
after separation the rapid adverse pressure gradient deflects part of the flow in a curvature
along the streamlines. When the shear layer reaches the wall, a bifurcation takes place,
which causes some of the flow to be entrained and move upstream. As a consequence
a recirculation zone develops (J.K. Eaton 1981) driven and maintained by the mass and
momentum transfer (Simpson 1996).
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The velocity in the recirculation regime can reach up to u = �0.2 u0 (Hudy. et al.
2007), which according to Huerre (Huerre et al. 1985) is fulfilling and exceeding the
absolute instability criterion of u < �0.136 for two-stream mixing layers and thus, likely
is responsible for large-scale vortices. Within the recirculation zone the production rate
of turbulence is higher than the dissipation rate (Wee et al. 2004). Several models for
approximating the velocity profile in the backflow region exist, e.g (Simpson 1983). The
size of primary recirculation zones depends on the reattachment length xr, which will be
further described in the next subsection 2.4.3.

Between the main recirculation zone and the backward facing step a secondary recircu-
lation takes place in the corner of the step wall. This counter-rotating vortex is fed by the
mass and momentum of the primary recirculation, which does not transport fluid completely
into the corner due to inertia and thus, creates a situation similar to the separation bubble
before a forward facing step (Sherry et al. 2010). Experiments suggest that the mass flow
of the secondary vortex spirals from the centre to the step edge in a spanwise motion (Hall
et al. 2003). and that it can change the shape and size within the order of the step-height
quasi-periodically (Spazzini et al. 2001).

Downstream of the backward facing step the relaxation of the velocity profile to the
log-law is very slow and still has free shear layer characteristics at location x = 50 h

(J.K. Eaton 1981). This was also already indicated by Bradshaw (Bradshaw et al. 1972)
through measurements of the Clauser parameter, which is based on the log-law. However,
in BFS flows the boundary layer deviates from equilibrium many step heights downstream
of the reattachment point. Even though it was shown in (Nagano et al. 1993) that in a
non-zero-pressure-gradient flow the log-law has to be adjusted, the result was confirmed by
(Le et al. 1997).

The flow around a backward-facing step can be assumed to be quasi-2D on average and the
mean reattachment length position is mostly considered independent of the vertical positions
if the aspect ratio is above h/z0 > 10 (J.K. Eaton 1981). Nevertheless, the instantaneous
flow field can exhibit local structures with a spanwise quasi-periodicity (Scharnowski et al.
2016). This is visible in an instantaneous snapshot of the horizontal flow field parallel and in
proximity to the wall downstream of the backward facing step and can be further exemplified
from the visualization of the two-point correlation, where the structures exhibit a spanwise
periodicity of 2 h (Statnikov et al. 2015).
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2.4.3 Reattachment length xr

The reattachment length is a central parameter within backward facing step experiments
that determines the dimensions of the flow regime after separation (see figure 2.1) and thus,
defines the affect of flow parameters such as shear stresses and drag coefficient. Regarding
the flow parameters influencing the reattachment length, they are mostly dependent on:

• The streamwise pressure gradient, which was investigated by measurements from
(Kuehn 1980), where the expension ratio was varied for different backward facing
step configurations.

• Boundary layer state, where it was shown that for a laminar flow xr has a wide range
until, after reaching a maximum value during the transition phase, it decreases slightly
again for turbulent flows towards a saturation length. With respect to the Reynolds-
number, the general reattachment-length behavior is shown in figure 2.3 based on
(J.K. Eaton 1981).

• Reynolds-number, which is also related to the boundary layer state. A sharp increase
in xr for low Reynolds-numbers is followed by a slow descent to a saturated level after
reaching a maximum value as visualized by figure 2.3.

• For the turbulent flow the turbulence level is more important and it was demonstrated
by Isomoto (Isomoto et al. 1989) that a 20% increase in turbulence can decrease xr by
24%.

The reattachment length can be influenced through active and passive means, which alter
the shear layer enough to affect the recirculation region. Passive means can be a change of
the trailing edge geometry as will be utilized in 6.1. The usage of rectangular or circular
lobes can have a major impact, reducing the reattachment length up to 40% of the original
value (Scharnowski et al. 2015). Stimulating the shear layer periodically through active
means can also lead to an attenuation of the reattachment length. Though the total affect,
such as roughly 71% reduction in (Ma et al. 2014), is less effective than the passive means,
there might still be cases where an active and controlled manipulation of the reattachment
length is desired. Since the active stimulation of the separating shear layer is related to the
coherent structures dynamics, the frequency range is addressed in the next subsection 2.4.4.

While the reattachment length is defined with respect to the time-average of the flow,
the instantaneous reattachment is highly dynamic and moves within a range as large as
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Figure 2.3: The Reynolds number dependence of the reattachment length is illustrated based
on the graph of (J.K. Eaton 1981).

±2 h (Nezu et al. 1989). The reason for this is attributed to a substantial motion phenomen
within BFS called ”flapping motion” and describes the contraction and enlargement of
the separation bubble (Nakagawa et al. 1987). In several experiments the characteristic
frequency of about Sth = 0.06 in the reattachment zone is connected to this flapping and a
momentary disorder in the shear layer must be responsible for altering the reverse flow. The
most favoured theory for this phenomena is the detachment of vortical structures that escape
the reattachment zone carrying mass from the separation bubble that causes it to collapse
momentarily (Driver et al. 1987). This theory was further corroborated by simulations of
(Le et al. 1997) and their accompanying experiment (Jovic et al. 1994), both performed at
Reh = 5000. Here a saw-tooth motion of the instantaneous reattachment line xr defined
through the shear-free c f = 0 position over time indicates a sudden detachment of large
scale structures.

2.4.4 Shear layer and dynamics

Mixing layers form when two parallel flows move at different velocities. The discontinuous
velocities induce a velocity shear and vorticity along the surface. The resultant inflection
point of the velocity distribution along the interface creates inviscidly unstable modes such
as the Kevin-Helmholtz instabilities (Ho et al. 1984). These instabilities are the origin of
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further roll-up processes that lead to the formation of vortices over time Shukla (Shukla et al.
2007). The transition from an instability to a vortical structure is illustrated in figure 2.4.
Both for incompressible and compressible shear layers, in the case of the absence of the
wall (free shear layer), only one length scale, determined by the width of the inflection is
enough for characterization (Smits et al. 2006). Wall-imposed boundary layers on the other
hand are the source of additional low Reynolds features near the wall due to the friction
and no-slip theorem. In the case of compressible mixing layers, the compressibility with
increasing Mach-number can have a stabilizing effect, which reduces the amplification of
fluctuations (Smits et al. 2006). The mixing layers are very sensitive to initial and boundary
conditions possibly affecting the roll-up process. In the case of flow around a blunt body
such as a cylinder, the separation and shear flow conditions remain the same for unchanging
Re-number conditions leading to the formation of a vortex street (H Oertel 1990). The
non-zero vorticity region behind the blunt body (wake) (Batchelor 2000) and its dynamics
can be characterized through the Strouhal number. In the case of flow around the cylindrical
object the shedding frequency is around Std = 0.2 with respect to the cylinder diameter
d (Roshko 1954). This value holds for a wide range of Reynolds-numbers with turbulent
vortex trail and laminar boundary layer, yet changes for other Reynolds-number through
the state of the boundary layer on the cylinder and vortex trail (Lienhard 1966). This vortex
street formation based on the roll-up process of Kevin-Helmholtz instabilities is also present
in the backward facing step configuration due to the localized and unchanging separation of
the flow and creation of a free shear layer. In this case the characteristic frequencies are also
similar to those found for cylinders, namely close to Sth = 0.2 with respect to the step height
h (Chun et al. 1996) and the vortex sheddding peak is close to this value in analoguous
experiments (Depres et al. 2004; Driver et al. 1987).

Altering the separating shear layer can have a major influence on the dynamical properties
such as the power spectra and thus, also time-averaged quantities. Experiments with a
woofer at the separation edge employed with a suitable stimulation amplitude and frequency
showed that the reattachment length xr could be reduced to 65% of the original reattachment
length (Chun et al. 1996). The most effective frequencies are of the order of the vortex
shedding frequency, yet depending on the flow conditions, these are not universal and can
vary between Sth = 0.2 � 0.4 (Bhattacherjee et al. 1986). As a result, some authors express
doubt that the dynamical properties truly scale to the step-height h (Hasan 1992).
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Figure 2.4: The vortex generation due to Kevin helmholtz instability is shown based on
considerations by (Dowling et al. 2015).

2.5 Summary

A general flow-field is determined by the Navier-Stokes equations. With the exception of
special flow-configurations these equations cannot be solved without considerable computa-
tional effort or simplifications such as the Reynolds-decomposition. The backward-facing
step is an important flow-configuration that contains a fixed separation point and a rich
generation of flow-structures. It is mainly characterized through a boundary layer before
separation in a flow-field with free-stream velocity u0 and the flow regimes after separa-
tion. The incoming flow can either be laminar or turbulent, which can be determined by
the shape factor H. The Kevin Helmholtz instability of the shear layer after separation
generates vortices, which dominate the downstream flow dynamics and are characterized
through a shedding frequency at a characteristic Strohoul number. The temporal mean of
the downstream length of the resulting separation bubble is characterized through the mean
reattachment length xr, which is mainly dependent on the incoming boundary layer and
Reynolds-number. The major dynamics related to the reattachment is expressed through the

”flapping” of the instantaneous reattachment length around its mean. The next chapter 3 will
focus on two flow measurement techniques, particle image velocimetry (PIV) and hotfilm
(HF) sensors, which will be employed to carry out the investigation of the BFS flow.
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Chapter 3
Flow measurement

This chapter highlights the theory and merits of two measurement techniques used through-
out the thesis in order to investigate the flow over a backward facing step with features
described in the preceding chapter 2. One is the constant temperature anemometry (CTA) ap-
plied through microstructured hotfilm sensors, which can be used to obtain measurements of
the wall shear stress. This knowledge will be the basis for the design of hotfilm sensor arrays
in chapter 4. The other measurement technique is particle image velocimetry (PIV), which
captures the velocity field and topology of coherent structures. This information will be used
during synchronized measurements in order to obtain a verification and interpretation of the
hotfilm sensor signal in chapter 5.

3.1 Measurement techniques for velocity and wall
shear stress

In order to verify models and the flow state, methods to measure the relevant flow-parameters
are essential. In an aerodynamic environment most of them are constituents of the NS
equations from section 2.2 and thus it is often desirable to keep as many flow-parameters as
possible constant, while focusing the measurement on the one remaining variable. Important
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flow-parameters include the velocity field u, wall-shear stress ⌧, pressure field p and the
temperature T (Dowling et al. 2015; Nitsche et al. 2006). In order to put PIV and HF
measurements into perspective, the following subsections provide an overview of velocity
and wall-shear stress measurement techniques.

3.1.1 Velocity measurements

The velocity is an important quantity of the Navier-Stokes equations from section 2.2 and
has a direct influence on other flow-related variables such as the pressure and temperature.
One group of velocity-measurement techniques relies on the scatterings of particles in a flow
illuminated by a strong light-source (Ronald J. Adrian 1991). On the one hand these tracer
particles have to be dispersed into the flow and not influence the flow-field, while being
able to follow the streamlines freely without divergence. On the other hand their size has
to be large enough to guarantee a minimal scattering intensity so that a camera sensor can
detect the event against the background. The intensity can be influenced by the light-source
intensity. With respect to the actual retrieval of the velocity information, the methods can
vary greatly. In Laser Doppler Anemometrie (LDA) the velocity at a certain point in space
is retrieved by the Doppler-effect of the movement of a particle passing (Tropea 1995). This
is usually realized by crossing two laser beams and the analysis of the resulting intensity
fluctuation within the interference pattern. Contrary, instead of focusing on one point in
space, particle image velocimetry (PIV) can be used to retrieve information on the velocity
field of a whole area. The method relies on a camera that captures successive images and
then obtains the velocity field through a correlation analysis (R. J. Adrian 2005). The basic
version with one camera can thus capture the flow field vectors within in the observation
plane. An additional camera from a slightly different observation angle allows to retrieve the
third orthogonal velocity component out of the plane. Increasing the number of cameras even
further and illuminating a volume instead of a plane allows to retrieve the velocity vector
field of said volume with the same measurement principle based on the correlation analysis.
This is then the domain of 3D particle tracking velocimetry (PTV) or tomographic PIV,
where the most likely 3D distribution is determined from the in general underdetermined
reconstruction problem of the different camera projections (Raffel et al. 2007).

The optical experimental set-up allows a direct flow measurement and can lead to very
precise measurements, yet the reliance on heavy camera equipment and proper particle
seeding as well as light source for illumination, limits the use of optical methods for practical
applications beyond a wind-tunnel facility. This is especially true for flight applications.
In such case, a measurement method based on the heat convection can be more practical
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(Stainback et al. 1993). In hot-wire anemometry (HWA) a piece of wire is heated through
Ohms resistance and related to the velocity-dependent heat convection of the fluid. This
energy balance can be measured through different control circuits that each have their own
use-cases and are based on keeping either the current, temperature or voltage constant
(Bestion et al. 1983; Kegerise et al. 2000a). A relation of the supplied energy with the
external velocity can then be used to relate the supplied Ohm’s heating energy to the flow
velocity. For the simplest layout with a single wire the measurement itself is insensitive to
the velocity-direction. A two-component pointwise velocity vector can be retrieved through
an additional perpendicular wire, creating a so-called x-wire (Bruun et al. 1990). In order to
measure velocity-gradients two parallel wires in spanwise direction can be used (Ewing et al.
1995). Additionally, it is possible to obtain the sign of the direction through two parallel
wires. Running the heated wire-element in a pulsed mode, called pulsed-wire anemometry
(PWA), the time-of-flight of thermal pulses can then be used to measure the velocity between
two fixed wires (Bauer 1965).

Another method is based on Bernoullis principle, where the potential energy of a fluid
column is moved by the kinetic energy of the flow as shown in equation (3.1.1). With
the Prandtl-tube (Chue 1975) the free-stream velocity can then be calculated according to
equation (3.1.2). Here ⇢ f is the density of the fluid within the column, ⇢a the density of
the air, g the gravity constant and �h the difference in column height due to the additional
flow forces. In the case of compressible flow the pressure has become a function of the
Mach-number (Chue 1975).
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While such a device needs to be placed into the flow by a prong and can alter the flow-field
further downstream, due to its robustness it is often the state-of-the art device to control the
velocity within a wind-tunnel and also for aerial flight devices, where it is integrated into the
nose of the airplane (Gracey 1980; Haering 1995).
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3.1.2 Wall shear stress

The wall shear stress ⌧W is an area-related friction force that is exerted through the viscosity
µ of a fluid. It is defined in equation 3.1.3 and can be visualized as the slope of the vertical
velocity profile from the wall.

⌧W = µ

 
@u
@y

!

wall

(3.1.3)

The measurement can be conducted directly by mechanical means through a scale-like
device such as in (Shajii et al. 1992), where a plate is suspended parallelly and seamlessly
into the wall. The measurement of the viscous forces is then concluded with an attachment
that is either used to change a fixed capacitive counterplate or drive an inductive change
through the motion (Löfdahl et al. 1999).

Another way to measure the wall-shear stress is through thermoelectrical means. This
can be a surface hot-wire spanned perpendicular to the flow-direction over a cavity in the
wall (Sturzebecher. et al. 2001). Similarly to the hot-wires for the velocity measurements,
this technique uses convective heat transport controlled through a supplied voltage and
current from a control circuit to calibrate with the wall-shear stress. A related technique are
wall-bounded hotfilm sensors, where the heating-element is directly integrated into a film
and operated through the same measurement principle.

Information on the wall-shear stress can also be obtained through the measurement of the
up-and down-stream pressure divided by a surface fence (Burkhardt et al. 2001).

Optical methods for the measurement of wall-shear stress also exist and capture the
mechanical or thermic effect of the wall-shear stress through a camera. A direct optical
method to measure the wall shear stress is through the mechanical displacement of illu-
minated micro-pillars arranged in an array as described in (Gnanamanickam et al. 2011).
Another approach to visualize the shear stresses directly is described in (Gijsen et al. 1997),
where an elastic gel is applied to the surface and then illuminated by two laser-beams. The
deformation of the gel due to wall shear stress can be deduced from the phase-difference
of the intensity of a speckle-pattern before and after deformation, providing a measure of
the shear stress. With regards to an optical method retrieving the wall-shear stress due to
thermic effects, the temperature decay of a heating spot on the surface created by a laser
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beam and captured by an infrared camera can be used by utilizing the heat-balance equation
(Mayer et al. 1998).

3.2 PIV measurements

Particle Imaging Velocimetry (PIV) is an optical flow-field measurement technique that
ideally does not alter the flow. Its main component is a camera that allows to trace particle
trails in the flow via statistical means through a correlation analysis (Stanislas et al. 2000).
In order to provide the particles with the necessary diameter, these have to be inserted into
the flow beforehand by a particle-seeder. Due to the small size and thus low light scattering,
the particles need an intense illumination source, for example a laser or light emitting diode
with short-time light pulses. In order to create a light-sheet, the laser beam is first focused by
a telescopic lense configuration, which consists of a spherical concave and spherical convex
in a row, and is then spread into a slightsheet by means of a cylindrical lense (Stanislas
et al. 2000). In order to capture the illuminated particles with the camera, a synchronization
between laser and camera is necessary. Especially for high-speed measurements, the images
are first stored on the working memory of the camera. This is necessary since the connection
with the work-station does not have sufficient bandwidth to deliver the images in real-time.
After the images are retrieved from the camera, they are usually locally analysed with an
analysis software. A schematic overview is displayed in figure 3.1.

In order to guarantee successful time-resolved PIV, the choice of hardware components
has to fulfil the requirements. The main components consist primarily of a particle-seeder,
illumination medium and camera system with appropriate trigger. Seeding can be done
with any material that scatters or emits light and guarantees a relatively constant particle
size. One possible seeder is the Laskin-nozzle (Kähler, Sammler, et al. 2002), where the
seeding density and size can be controlled via a pressure valve. This device is used for the
PIV measurements obtained in chapter 5. The flow is seeded with DEHS (Di-Ethyl-Hexyl-
Sebacat) tracer particles with a mean diameter of 1 µm (Kähler, Sammler, et al. 2002). For
such sizes the intensity distribution of the particles is due to Mie scattering (Albrecht et al.
2003) and the seeding density is chosen to be as high as possible without creating a speckle
pattern. In case a speckle pattern is created due to the interferences of multiple particles, the
seeding has to be reduced until individual particles are observable again.

In order to illuminate the particles and analyze the temporal evaluation of the flow, a
high-repetition rate PIV system using a Quantronix Darwin Duo Nd:YLF double-pulse laser
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Figure 3.1: This figure shows the main PIV components: light-source with corresponding
optics for creating a light-sheet, seeding particles within the flow and a camera
for capturing snapshots of the flow field.

with a wavelength of 527 nm, a pulse duration of 120 ns, and a laser pulse energy of 2.2 mJ

per cavity was used. The power per laser pulse and short duration guarantee sufficient
illumination of the particles within the flow. The maximal repetition rate of the laser is
10 kHz and the laser beam itself was transformed into a light sheet by using two spherical
lenses for adjusting the width, followed by two cylindrical lenses for height adjustment. The
light sheet thickness in the focal plane was approximately 1.0 mm for the chosen setup in
chapter 5.

A single Image Pro HS camera with 2016 ⇥ 2016 resolution had the images cropped to
1536 ⇥ 296 px

2 in order to achieve frame-rates of 10 kHz in single frame acquisition mode.
A Nikon objective lense with focal length of 50 mm and f-number 2.0 was used to achieve
an observed field 133 ⇥ 25 mm

2. The images were then correlated with ©DaVis software
(LaVision) with the methods described in the following subsection 3.2.1.
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3.2 PIV measurements

3.2.1 Processing and visualization

The motion of tracer particles in the fluid field is described through a displacement field
D(x,t1,t2) (Westerweel 1997) , which describes the tracer particles within a finite time
interval [t1,t2] through the velocity field v(x,t) in the fluid:

D(x,t1,t2) =

Z
t2

t1

v(x,t) dt (3.2.1)

It is clear from equation (3.2.1) that the description of the velocity field is a time-averaged
trajectory and thus, a finite error remains, which is negligible in case of high temporal
resolution of image pairs. Still, capturing the fluid motion based on the displacement field
remains a trade-off between having a too high temporal resolution and thus large uncertainty
and too small temporal resolution and thus spurious vectors. Even though the tracer particles
are tied to the fluid, it is usually not possible to identify the particles individually with clear
assignment between consecutive snapshots of the flow due to high particle densities. This is
why a statistical method based on the cross-correlation is used to determine the general flow
velocity and direction of a tracer particle ensemble (Stanislas et al. 2000).

For a successful cross-correlation method each PIV recording is divided into multiple
interrogation windows as illustrated by figure 3.2 (a). In each window the tracer particles
are assumed to have a homogeneous distribution with uniform displacement so that no
gradient is present (meaning chunks of particles are moving in different directions) (Keane
et al. 1992). Then each window can represent a velocity vector. This velocity vector is found
by taking the sum of the spacial 2D cross-correlations of each pixel of an interrogation
window at time t1 with each pixel of the same interrogation window at time t1 + �t. The
highest value in the correlation plane can be taken as an estimate for the mean displacement.
The resolution is up to the pixel-limit but can be further enhanced by means of ensemble
correlation or particle tracking velocimetry (PTV) (Kähler, Scharnowski, et al. 2012). The
result leads to the velocity of the ensemble within one interrogation window between the
two time-frames �t (Keane et al. 1992). In figure 3.2 (b) the red particles represent the ones
from time-step t1, which are still partially visible in time-step t1 + �t. The green particles
were originally red but have left the interrogation window and instead the new blue particles
are used in the analysis.

Before starting any correlations the average is taken off the images in order to mask
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and exclude overexposed pixels. In order to obtain an optimal correlation analysis, several
PIV design rules according to (Keane et al. 1992) were followed. With respect to the
interrogation windows, the particles size of tracer particles exceeded 2 px so that the shading
information for optimal Gaussian fitting was provided. Moreover, the number of particles
in an interrogation window was slightly below N = 10, the optimal number of particles,
to increase resolution. Another increase in resolution was also enforced by allowing an
overlap of 50% between independent interrogation windows. In order to decrease erroneous
vectors, a multipass interrogation window approach was used so that the dynamic range is
increased (Becker et al. 2012) providing a final PIV field of view of 384⇥ 74 px

2 with 8⇥ 8

interrogation window in chapter 5. Outliers are also suppresed by taking the surrounding
vectors into consideration such as through median tests and their adoptions (Westerweel and
Scarano 2005). These velocity fields are then used for further analysis in chapter 5.

CCD camera

Measurement 
window

interrogation 
   window

(a)

t1 t2=t1+Δt

x x

y
y

(b)

Figure 3.2: Figure (a) shows how each measurement frame is divided into suitable interroga-
tion windows, while (b) shows how the mean displacement is calculated from
one interrogation window at two different time steps.

3.3 Hotwire and hotfilm measurement

Among the methods described, the hotwire measurement principle based on the convective
cooling of a solid by a stream of fluid is both easy to manufacture and can reach high
sampling rates. It uses an established relationship between the physical flow quantities
(u,T,⇢) with respect to the sensor properties. Analogusously, the same applies to hotfilm
sensors with the only difference for exchanging the dependent quantity u with the wall-shear
stress ⌧ (Nitsche et al. 2006). In general, the solid is first heated to a temperature Tw several
times higher than the ambient temperature Tf of the fluid characterized by the overheat ratio
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3.3 Hotwire and hotfilm measurement

Tov =
⇣
Ts � Tf

⌘
/Tf . By choosing a solid with temperature dependent resistance, changes

of temperature through convective flow have a direct effect on the resistance of the solid.
The foundations for temperature based anemometry are the heating equations for the sensor
element and control circuit consisting in most cases of a bridge and amplifier equation
(Freymuth 1967).

3.3.1 The heating of a solid

Supplying a solid with electrical power results in Joule heating. The inserted heat then dissi-
pates to the ambient environment through three modes, namely conduction Q̇cd, convection
(divided into forced Q̇c f and natural Q̇cn convection) and radiation Q̇rad (Böckh et al. 2012),
which are illustrated in figure 3.3. Thus, the complete energy balance can be expressed by
equation (3.3.1) in terms of heat rates, that is the amount of heat transferred per unit of time:

Q̇J = Q̇c f + Q̇cn + Q̇cd + Q̇rad (3.3.1)

QJ
Qcf

QcnQcd

Qrad

+ -
Figure 3.3: The figure illustrates the major losses due to the Joule heating Q̇J of a thin film

on a substrate: radiation Q̇rad, conduction Q̇cd, forced and natural convection
Q̇c f & Q̇cn.

with the following components:

(i) Joule heating in a conductive wire is due to the electromotive forces that electrons are
following (Cengel et al. 2005). It is expressed by Joules first law and is directly pro-
portional to the square of the current I flowing through a conductor and the resistance
Rs of the solid.
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Q̇J = I
2 · Rs (3.3.2)

(ii) Heat conduction is responsible for the transfer of heat of two surfaces in direct contact
without any exchange of particles involved. With respect to hotwire sensors this is the
case at the contact points of the prong with the wire. In the case of hotfilm sensors
an additional contribution is the surface of the heated solid with the support surface
and wall. This mode is also called law of Fourier (Cengel et al. 2005) and described
by the surface of the heated element As, the thermal conductivity �, which is the
material property that defines the heat rate per length unit, and the temperature gradient
perpendicular to the heated surface between the heated element Ts and the non-heated
wall surface Tw:

Q̇cd = ��As

d(Ts � Tw)

dx
(3.3.3)

(iii) Convection describes the heat transfer due to flow and is categorized into forced and
natural convection (Cengel et al. 2005). The latter Q̇cn occurs when the fluid density
decreases through heating and prompts the hotter fluid into an upward motion, while it
gets replaced by colder and denser fluid from the surrounding, e.g. air movement above
a candle flame (Wheeler 2005). On the other hand, forced convection Q̇c f occurs when
an additional flow is responsible for the cooling down of a solid. Forced convection
is also the driving principle behind the anemometry measurements with hotwires and
hotfilms. It is related to the temperature difference between the solid Ts and the fluid
Tf , as well as the surface area As. Moreover, for a surface with constant thermal
conductivity � a heat transfer coefficient h = �/d can be defined with the thickness d

of the heated element. Newton’s law of cooling (Cengel et al. 2005) states then:

Q̇c f = h · As

d
· (Ts � Tf ) (3.3.4)

(iv) Heating up an object always results in the modified heat flux of a black body multiplied
by the emissivity ✏ (Cengel et al. 2005). This is mostly characterized through the Stefan
Boltzmann constant �, the surface area As and the temperature difference between
surface Ts and fluid Tf :

Q̇rad = ✏ · � · As · (Ts � Tf )
4 (3.3.5)

In most hotfilm application the temperature difference between fluid and sensor (Ts � Tf )

is low enough to make it negligible. Ideally this is also the case for conduction and free
convection and only the forced convection is dominating (Giani et al. 2002). Thus, reducing
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3.3 Hotwire and hotfilm measurement

equation (3.3.1) only to the dominating forced convection leads to:

I
2 · Rs(Ts) = hc2 · As · (Ts � Tf ) (3.3.6)

The temperature dependent resistance can be linearly approximated in most metals through
equation (4.3.2), where the resistivity increases with temperature (unlike semiconductors
with the reverse relation) (Cutnell et al. 2009). Here T0 is the room Temperature and ↵ the
temperature coefficient of resistivity.

Rs(Ts) = Rs(T0) · (1 + ↵ (Ts � T0)) (3.3.7)

Before concentrating on various findings investigating the empiric description of h and
thus equation (3.3.6) and their validity, due to their importance possible control circuits are
discussed and their strengths and weaknesses highlighted.

3.3.2 The control circuit

Several methods to obtain feedback from either the HW and HF sensor exist, yet the main
idea is always to keep one parameter under control and constant. The three most common
methods are illustrated in figure 3.4 (a-c): constant current anemometry (CCA), constant
temperature anemometry (CTA) and the constant voltage anemometry (CVA). For CCA and
CVA the sensor element is part of a wheatstone bridge (Eckelmann 1997), whereas in CVA
an open loop system is used (Kegerise et al. 2000a). In addition to the different read-out
methods, a wire-configuration with pulsed operation mode can be used for measuring the
convection speed of a fluid (Handford et al. 1989). For this method to work, a periodically
heated sensor element is flanked by an upstream and downstream sensor element, where the
change in temperature is registered. Due to the limitations imposed by thermal inertia and
pulse period, this method is no further pursued in this thesis. A related option is to operate
two HF continuously at close proximity and exploit the same effect. Yet this method is not
persued with the same justification.

In CCA (see figure 3.4 (a)) a differential amplifier compares the voltage difference between
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the primary voltage divider including the sensor and the secondary voltage divider without
the sensor element in order to provide a measure of the flow condition (Bruun 1995). This is
possible since any decrease in temperature Ts of the sensor element due to forced convection
of the flow, reduces likewise the resistance of the sensor element Rs, effecting the bridge
equilibrium equation. For this set-up the adjustment speed of Ts is limited by the thermal
inertia of the sensor, thus affecting the possible sampling speed. Although the response
time can be improved by decreasing the mass of the thermal element, using a compensation
amplifier (Smolyakov et al. 1983) or a RC compensation network (Blackwelder 1981), the
effectiveness is limited and in the latter case the fine-tuning process is sensitive (Eckelmann
1997). The response function is non-linear and the sensitivity decreases for high velocities,
whereas for small velocities the sensor can overheat itself (Fig. 3.4 (d)). If the flow velocity
is known and kept constant, CCA can also be used to measure flow temperatures. Else, if
both are varying they both contribute to the voltage output.

In CTA (see figure 3.4 (b)) an amplifier compares the voltage difference from a wheatstone
bridge containing the sensor element, yet unlike in CCA the voltage difference is fed back
into the bridge (Bruun 1995). This voltage is then used to compensate the loss of heat in
the sensor element through additional heating and as a result, the feedback control loop is
used to hold the temperature of the sensor constant. The control circuit voltage response
displays a non-linear behavior with respect to the flow velocity (Fig. 3.4 (e)). Yet, unlike the
CCA, the CTA circuit is inherently protected against overheating. Since the thermal inertia
is compensated by keeping the temperature of the sensor element constant, CTA additionally
allows much higher sampling rates. This gain can be expressed through fCTA = 2Tov ·S ·Rs · fs

(Blackwelder 1981), where Tov is the overheat ratio, Rs the sensor resistance, S amplifier
gain and fs the original sensor frequency limit due to thermal inertia. Due to these benefits
in sampling rate and self-protection against overheating, the sensors discussed in the chapter
4 are equipped with a CTA control circuit as described in section 4.1.

In CVA the sensor is part of an open loop (Fig. 3.4 (c)). Analogously to the CCA, an
additional RC network can be used to partially compensate thermal intertia. Unlike CTA,
the overheat ratio changes with u, yet the sensitivity is not as strongly velocity dependent as
CTA (Fig. 3.4 (f)) (Kegerise et al. 2000a). At low overheat ratios the CVA configuration can
also be used to measure temperature fluctuation.
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Figure 3.4: The subfigures show the following read-out circuits: CCA (a), CTA (b) and CVA
(c). Respectively, subfigures CCA (d), CTA (e) and CVA (f) show the relationship
between the sensor element voltage Us and the control circuit voltage UHF based
on (Eckelmann 1997; Kegerise et al. 2000a).

3.3.3 Empiric description of hotfilms and hotwires

On the basis of other pioneers (Boussinesq 1905), among the first extensive experiments
on the heat losses of hotwires with convection were conducted on a swirling arm (King
1914). The results were generalized with respect to the Nusselt number Nu, which pertains
the heat transfer coefficient and thermal conductivity of the sensor. The Reynolds number
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Re includes the dependence on the flow conditions such as velocity, density and dynamic
viscocity. The dependency is shown in equation (3.3.8), with A, B and n being variables that
need to be determined experimentally.

Nu = A + B · Re
n (3.3.8)

Since A is not related to the flow conditions linked with the Reynolds number, it is
responsible for the natural convection (King 1914). The value of n is in most experiments
close to 0.5 as provided in the extensive list of the review paper by (Andrews et al. 1972) and
it is determined by the heat losses of the support. However, equation (3.3.8) still lacks the
influence of the wiring temperature, which influence was included by (Collis et al. 1959) in
the form of an additional factor leading to equation (3.3.9) with m as an additional empiric
exponent for the overheat ratio Tov. In most experiments the wiring temperature is fixed and
for calibration purposes equation (3.3.8) is sufficient.

Nu · Tm

ov
= A + B · Re

n (3.3.9)

Even though equation (3.3.8) is mostly sufficient, other parameters besides the Reynolds
number and overheat ratio can play an important role depending on the sensor type and
flow conditions. These dependencies are expressed through other dimensionless numbers,
such as the Grasshof number Gr, Prandtl number Pr and Kundsen number Kn. Thus, the
final sensor calibration depends on Nu = f

⇣
Re,Gr,Pr,Kn,

⇣
Ts � Tf

⌘
/Tf

⌘
(Stainback et al.

1993). The Knudsen number Kn = �dw (Knudsen 1909) is the ratio of the free mean path
� of the molecules and wire thickness dw. Depending on the ratio, the flow can be divided
into subregimes defined as ”continuum flow” (� << dw) for conventional heat transfer, ”slip
flow” (� ⇡ dw) for gas rarefaction regime with temperature jump and ”free molecular flow”
(� >> dw) with the dominating kinetic gas theory (Stainback et al. 1993). The Grashof
number (Rohsenow et al. 1998) is defined as the ratio between buoyancy and viscous forces.
The Prandtl number (Rohsenow et al. 1998) is the ratio of viscous diffusion rate and thermal
diffusion rate.

For subsonic incompressible flow the mass flow fluctuations are equivalent to velocity
fluctuations since the density is considered constant. In this flow regime the Knudson number
has an influence on the Nusselt number only when the wire diameter dw approaches the size
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3.3 Hotwire and hotfilm measurement

of �. Thus, it is sometimes necessary to apply this correction and define the continuum
Nusselt number as Nuc = Nu/ (1 � 2Kn ·Nu) (Collis et al. 1959). On a side-note, gravity
only has a minor effect for fluid conditions, where the free convection is dominating (Stengele
et al. 1994). In addition, the Prandtl number influence is also negligible if the flow does
not change its temperature. In the case of subsonic and transonic compressible flow, the
mass flow fluctuations are attributed to both velocity and density fluctuations. Investigations
showed that density changes of ⇡ 13% in density had a likewise divergent influence on the
velocity calibration of ⇡ 13 % (Johnston et al. 1997). In the high supersonic flow regime
strong shockwaves occur ahead of the wire and the heat transfer is once more under the
influence of a subsonic flow regime (Stainback et al. 1993).

However, these various effects on the calibration are beyond the scope of the thesis, since
the emphasis within this thesis is the dynamic flow effect observed in a benchmark flow-
configuration described in section 4.5. Hence, no calibration with respect to the shear-stress
or Reynolds-number is used for the analysis in chapter 5 and 6. Effects such as possible
temperature gradients or density influence, which might be occurring at high freestream
velocities such as in chapter 6, are merely influencing the absolute values, not the changes
themselves.

The measurement of free-stream velocities with hotwire sensors close to the wall are
affected by the wall itself and this has to be accounted for by correction terms (Eckelmann
1997). For hotfilm sensors the proximity to the wall allows a direct correlation between
the heat flux due to forced convection and the wall shear stress (Löfdahl et al. 1999). This
allows for a similar relationships as (3.3.9), where the power transferred to the flow is related
to the wall shear stress and the factor A additionally incorporates the conduction losses to
the substrate (Liu et al. 1999). King’s law can then be modified via replacing the Nusselt
number Nu with the bridge output voltage U and the Reynolds-number Re with the skin
friction ⌧ (Fernholz et al. 1996).

3.3.4 Temporal and spatial resolution

In order to measure the temporal resolution of the system, it can be tested either directly or
indirectly. For the direct method the sensor signal can be stimulated externally by a given
flow profile or heat-source. Since an instant increase in velocity is technically challenging,
the sensor can be subjected to an external heating through a laser source or electronic power
supply, emulating the effect of increased or decreased convective heat transfer. Subjecting
the sensor to a square wave that emulates an instantaneous change in velocity, the frequency
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limit for the damping can be retrieved and the 3dB damping frequency limit is given by
fs = 1/ (1.3⌧s) (Freymuth 1967). Note that the test should be conducted at the desired
overheat ratio for the sensor to gauge the actual performance. A typical profile based on
(Bruun 1995) is shown in figure 3.5 (a) and the response frequency of the circuit fs is defined
in equation (3.3.10).

fs =
1

1.3⌧s

(3.3.10)
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Figure 3.5: Figure (a) shows the square wave response and critical response time ⌧s. In the
illustration in (b) the spatial averaging effect on the sensor is illustrated.

Besides the temporal resolution, the spatial resolution is also important for the interpreta-
tion of the signal. The spatial resolution has limits when the sensing element cannot respond
to scales smaller than its dimension (Örlü et al. 2010). Thus, the widths of the heated hotfilm
sensor element should be smaller than the smallest expected scale for the turbulent structure.
If it is greater then spatial averaging occurs. In addition, spatial averaging also occurs along
the spanwise direction and in the case of a meandering sensor element, then also for each
additional meander as shown in figure 3.5 (b). This is why for spanwise-elongated structures
that are moving at high velocities downstream, the sensor should be oriented to face the
structure orthogonal to its elongated side. This motivates the two designs discussed in
section 4.3 with one sensor type being directionally biased and the other circular design
without any directional preference.
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3.4 Summary

This chapter starts with a short overview of evaluation methods for the velocity field u and
wall-shear stress ⌧ of a flow-field. A direct visualization of the flow field velocity through PIV
is very desirable due to its high spatial resolution. However, its dependence on expensive
equipment and tracer particles that need to be able to follow the stream-lines, as well
as limitations of the sampling rates, restricts its use outside of wind tunnel facilities. In
comparison, constant temperature anemometry (CTA) only relies on its bridge circuits and
read-out equipment. The limited spatial resolution is contrasted by high sampling rates,
which are necessary for resolving coherent structures in fast-moving flows such as chapter 6.
Hence, this encourages to design and develop tightly packed arrays of multiple sensors that
can be integrated onto the surface of a backward-facing step model in the following chapter
4.
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Chapter 4
HF sensor design

Special emphasis in the preceding chapter 3 was on the working principle of the hotwire
and hotfilm sensors due to their potential with high sampling rates. This chapter introduces
the control circuit as well as analogue hardware, which makes such an undertaking feasible.
Moreover, in order to create sensor arrays which can be used for the investigation of a
generic backward facing step model 4.5, the design choices and manufacturing process are
explained. The performance of the resulting sensor arrays is then evaluated in chapter 5
and 6.

4.1 The control circuit

For the measurements within this thesis a CTA circuit was chosen due to its high frequency
response without the need of sensitive compensation networks (Kegerise et al. 2000b;
Kovasznay 1947). The power drop of a sensor element within the Wheatstone bridge is
influenced by the choice of the other Wheatstone bridge resistances within the constant
temperature anemometer configuration. Based on Kirchhoffs laws (Plaßmann et al. 2013)
the voltage difference between the two bridge arms can be written with reference to figure
4.1 as:
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(4.1.1)

From equation (4.1.1) it can be seen that in equilibrium condition R1R4 � R2R3 = 0 the
ratio following ratio holds:

R1/R2 = R3/R4 (4.1.2)

The first voltage divider constituting of R1 and the sensor R2 determines the Joule heating
of the sensor element. Thus, this affects the accuracy of the sensor. Compared to the first
voltage divider, the second voltage divider with R3 and R4 is usually chosen with resistances
several orders higher than the first branch. This is necessary in order to reduce the total
energy consumption and guarantee the first voltage divider takes most of the supplied
power used for the heating of the sensor element. As a result, heating losses in the second
branch are minimized. The second branch is optimized for one particular sensor-resistance
and by adjusting R4 (or R3) slightly, the inherent variance of sensor resistances due to
manufacturing imprecision can be adjusted to a desired overheat ratio. The main influences
of the bridge-resistances can be viewed in figure 4.1.

The final CTA control circuit is driven by the differential amplifier that can provide
a supply voltage of up to 30V. The secondary bridge arm consists of R3 ⇡ 15 k⌦ and
R4 ⇡ 5 k⌦. Those are R20,R19,R22 from figure 4.2. In addition, the adjustable potentiometer
”AD5290” can change the bridge equilibrium ratio by adding Rx = 0 � 10 k⌦ to R3 and
respectively adding (max(Rx) � Rx) to R4. The primary voltage divider is R1 ⇡ 310 ⌦,
which constitutes of R10,R13,R15 in figure 4.2. Thus, the sensor resistance should be in the
range of approximately R2 ⇡ 100 ⌦, which then fulfils the desired equilibrium condition in
equation (4.1.2). This will be one of the design constraints in section 4.3 for the sensor. In
order to suppress high frequency oscillations within the controller circuit, a passive low-pass
filter (Plaßmann et al. 2013) with fc = 1/

p
R1C13 ⇡ 51000 Hz was used. In addition, in

order to avoid the controller tuning to the stable 0 V case, a low voltage is added through the
voltage divider of R21 and R22.
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Figure 4.1: This figure shows the two main dividers of the wheatstone bridge. In addition,
the effective heating of the sensor element Rs with respect to the resistor value
R1 is shown as well as the influence of the resistor R4 in the second divider on
the heating output UHF.

4.2 Measurement Equipment

The hardware for hotfilm measurements contains two major building blocks. First, the
analog hardware, which is responsible for controlling the sensor and amplifying its signal.
Second, the ADCs, which retrieve the sensor signals, and a ©Labview based controller,
which further allocates the data on a solid-state hard-drive of an integrated PC. The hardware
is illustrated in detail in the block-diagram in figure 4.3: Each sensor is connected to one
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Uout

R2

R1

Figure 4.2: The schemetic of the CTA control circuit with adjustable overheat ratio.

of the 4 address plates, which each can hold up to 16 single-channel boards. Within the
single-channel boards the sensor is part of a Wheatstone bridge and CTA controller with the
properties described in the previous section 4.1. The sensor signal itself is sampled by the
respective ADCs as ”DC”, ”AC” or a hybrid ”DAC” data:

(i) The first method, dubbed ”DC”, subtracts an adjustable, fixed voltage from the signal in
order to increase the possible range of the ADC in case the mean sensor signal is close
to saturation. The current itself is smoothed via a passive 2nd order low-pass filter with
cut-off frequency fc1 = 1 Hz. The amplification before leading the voltage-difference
into the ADC can be set through digital potentiometer, which is part of the active
amplification circuit, to 0.5�2 before leading into the ”NI9205” ADC from ©National
Instruments. The ADC is limited in the sampling rate to 4096 Hz for simultaneous
measurement of all 64 channels with 12 bit data. In order to avoid buffering problems,
the retrieved data points per channel for all simultaneously active sensors should not
exceed 20000 per sensor.

(ii) The second method contains a series of high-pass filters and amplifiers, which enable
high amplifications of the dynamic part of the signal, while at the same time discarding
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Figure 4.3: Overview of the measurement system: The voltage over the sensor element is
lead onto a card with wheatstone bridge and CTA circuit. On the card the DC
path can be used to either lead the data directly into the NI9205 ADC or into
the 16AI64SSA ADC through an AC adapter. On the CTA card an independent
AC-path exists, which data can also be lead directly into the 16AI64SSA ADC.

the mean portion of the signal. Each 1st order high-pass filter is a passive RC-element
(Plaßmann et al. 2013) with cut-off frequency fc2 = 120 Hz set before every amplifier.
There are three building blocks in total, consisting of amplifiers with the first two
amplification-stages being set to 10 and a final tunable amplification in the range
between 2 to 10 through a digital potentiometer as part of the active amplification
circuit in the last loop. Having high amplifications first is advisable in order to keep
the noise to signal ratio high. Moreover, in order to suppress unrealistic frequencies
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during the amplification process, a low-pass filter is integrated at every amplifier
with fLc ⇡ 200 kHz. The resultant analogue signal is then lead into the ”PMC66-
16AI64SSA/C” board for analogue-to-digital conversion at a resolution of 16 Bit with
sampling rates up to 200 kHz for all 64 channels simultaneously. In the case of 64
active sensors, the limit of retrievable data points is restricted through the available
buffer to 204800 data points per sensor.

(iii) The final option is an external AC circuit added to the DC data, dubbed ”DAC”. In the
case of highly turbulent data, the dynamic sensor response can run into the saturation
range of the AC branch due to an exceeding amplification. As a solution, the DC
signal path is led into an external adapter card. The schemetic for one external adapter
element is shown in figure 4.4. Within this card one tunable passive high-pass filter
with cut-off frequency fc3 = 10 � 450 Hz and tunable amplifier AD8671 is realized
with a total possible amplification factor 2-20. Since common commercial digital
potentiometers such as the AD5290 cannot sustain currents higher than 50 µA, a
local mechanical switch that allows 16 selections is added to set the bandwidth and
amplification. The design for the adapter consisted of 6-layers for 8 channels with
emphasis to shielding between the wires by using 4 of them as alternating ground layers.
Each is then lead analogously to the ”AC” signal path into the ”PMC66-16AI64SSA/C”
analogue-to-digital converter board to accomplish high sampling rates.

With the exception of the external board from the ”DAC” path, each amplification value
of the ”DC” and ”AC” path can be set and adjusted via a ©Labview control interface. This
interface is accessible from an integrated PC and allows to set the digital potentiometer
values of the ”AD8674” building block individually within the amplification circuits. In
addition, the digital Potentiometer, which is part of the Wheatstone-bridge, adjusts the sensor
overheat ratios, can also be controlled through the same program.

The measurement can be initiated and retrieved through a second ©Labview control
routine. In the case of the ”DC” path, the digital data can be retrieved from the ”NI9205”
ADC through the in-built ”DAXmx Device” within labview. In the case of the ”PMC66-
16AI64SSA/C” ADC the initialization and data retrieval process is more complex and
requires the functions provided by the ”AI64SSA.llb” library file from ©General Standards.
The configuration of the respective registry values and functions for the control program
are set in the following way: First the device handle is retrieved, initialized and the output
array size preallocated. Then the registry is altered in order to accommodate the sampling
rate master-clock and active input method. Next, the auto-calibration is initiated, followed
by permission for direct memory access (DMA) to allow the system memory to be directly
accessible. After clearing the buffer, the direct memory access from buffer is looped during
the measurement and inserted into the preallocated array, which is safely stored on a solid-
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fTP=99.5 kHz

Amplification

high pass filter

Figure 4.4: Adapter schemetic with adjustable amplification and high pass filtering. Both
parameters can be changed independently.

state hard-drive. In the final step after completed measurement both the DMA and card
handle are closed.

The focus of this thesis is on the dynamic measurements provided from the ”AC” (see
chapter 5) and ”DAC” (see chapter 6) path leading into the ”PMC66-16AI64SSA/C” ADC.
External triggering was first attempted through setting the ”auxiliary I/O Sync” building
block from the ”AI64SSA.llb” library file to the value ”000000000 01” to allow external
Input through ”AUX0”. This, however, resulted in a hardware-bug report, which was
re-enacted and confirmed by ©General Standards technical support. To circumvent this
malfunction, the triggering of external measurement devices such as the simultaneous PIV
signal in chapter 5 was done indirectly by reading the camera-trigger signal into 1 of the
64 available channels, where no sensor was connected during the active measurement. By
initiating the HF measurement slightly before the PIV measurement, an assignment was
possible since the PIV camera trigger was recorded during the measurement.
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4.3 Sensor Design

On the basis of the hardware constraints from section 4.1, the current hardware is designed for
sensors with a resistance of Rs around 100 ⌦. This is several times higher than commercial
hotfilms or hotwires with 3.5 � 15 ⌦ (Probes for Hot-wire Anemometry 2014). Though this
ultimately affects the sensor dimensions, in particular its length, the high resistances can
be used to reduce the necessary power to heat the sensor element to a desired temperature.
Aditionally, it reduces the relative effects of the conduction wire resistance changes with
respect to the ambient temperature. The sensor-structure illustrated in figure 4.5 (a) is created
on a polyimid foil with a cupper layer on the backside, which is subjected to physical vapor
deposition (PVD) (Helmersson et al. 2006) with gold. For improved adhesion between the
gold and polyimide foil, a thin chrome layer of roughly 20 nm is deposited prior to the
gold. The sensor-structure is then realized on the gold via Lithography, where photoresist
was applied prior. Unnecessary gold is removed in a final step through wet etching. The
structure width l2s should not be less than 30 µm, because based on experience minor
impurities and scratches on the polyimid foil highly increase the risk of defects in sensors
with smaller structures. The thickness of the sensor is a compromise between robustness
with respect to surface roughness of the polyimid foil and the desire to minimize thickness
as much as possible to avoid creating disturbances in the flow and save material. As a result,
the layer-thickness is chosen to be l3s = 400 nm for the PVD. For such thin films, the
bulk resistance ⇢(AU) is no longer valid for the layer and has to be replaced with the sheet
resistance ⇢(3s,AU) with the relationship ⇢AU = ⇢3s,AU · l3s. According to (Enderling et al.
2006), at l3s = 400 nm the sheet resistance is approximately ⇢3s,AU = 0.14⌦/sq, leading to
a required sensor length of l1s = 21.4 mm based on equation (4.3.2). In order to fine-tune
the PVD thickness of gold with respect to the requirement Rs = 100 ⌦, reactive ion beam
etching (RIBE) (Reyntjens et al. 2001) was used in an additional post-processing step.

Rs = ⇢(AU) ·
l1s

l2s · l3s
(4.3.1)

= ⇢(3s,AU) ·
l1s

l2s
(4.3.2)

The linear sensor design has a small effective length in a preferred direction, which
according to the discussion in section 3.3.4 is best aligned towards the incoming flow. Thus,
when put together into an array, the sensor density can be relatively high in the downstream
direction. However, the spanwise direction should also be small to avoid averaging over
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Figure 4.5: The first figure (a) shows the a schematic horizontal section through a sensor
element. Figure (b) illustrates the dimensions of a linear sensor design and (c)
the dimensions of a circular sensor design.

unrelated flow structures. In order to reduce the spanwise size, the sensor is a meander
with two turns, where each arm is separated by a gap of �ls = 50 µm in order to avoid
short circuits and facilitate the wet-etching process. The final dimensions of the active
measurement field is approximately 6.8 ⇥ 0.21 mm

2 and the final design shown in figure
4.5 (b).

Originally, the alternative circular sensor design was based on two counter-rotating
Archimedean spirals in order to improve symmetry and suppress the influence of the mag-
netic field through the adjacent conductor arms with opposite current directions. However,
the ©L-Edit software for creating the lithography mask was unable to create such complex
geometric shapes. Thus, as a compromise, 8 circular conductors were used with width
30 µm and distance �ls = 50 µm between each other. Then the upper half was shifted
against the lower half in order to create a counter-rotating effect to suppress the magnetic
field. The resulting sensor structure contained an effective area of size 1.55 ⇥ 1.47 mm

2 as
illustrated in figure 4.5 (c).
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4.4 Sensor Array Design

Creating a hotfilm sensor on a flexible substrate has many advantages with respect to the
placement of the sensors on curved surfaces. The processing itself is dependent on the
substrate, metal layer and equipment available. In contrast to other procedures, such as
described in (Schwerter 2014), the copper wiring and sensor tracks are on opposite sides of
a flexible polyimide foil and connected through microvias (see figure 4.5 (a)). This allows to
treat the two processing steps independently and decreases the wiring complexity.

The sensor array basis is a Kapton-foil with 50 µm thickness and a one-sided additional
copper-layer of 18 µm strength. Each foil has a size of 110 ⇥ 110 mm

2 due to limited area
available during the sensor processing step. The gerber files for the wiring and connector
pad design were both done with the ©KiCAD software and an additional self-written
python routine for ensuring exact geometric dimensions. First, the python program creates a
©KiCAD-friendly PcB file with the via-positions for the sensor pads and connection pads.
This is based on desired geometric properties such as the spacing between pads and sensor
array outline. The connection pads have a size of 2.2 ⇥ 1.2 mm

2, which makes them still
feasible for manual soldering of wires. In addition, every second pad was slightly shifted
resulting in two lines for the pads to increase the possible density. Then, the assignment of
sensor pads to connector pads is allocated and the copper conductors are drawn accordingly.
For the width of the copper conductors dcon = 0.7 mm with a distance of acon = 0.5 mm

between two adjacent wires was chosen, because it was the widest size with respect to the
desired minimal conductor pad spacing. Moreover, the resistance for the conductors was
attempted to be minimized with respect to the geometrical constraint to reduce losses. In
order to negate the increased height of stand-alone copper conductors, the remainder of the
Kapton foil is also filled with copper. Finally, with the exception of the conductor pads, the
surface is passivated so that no short-circuit occurs when attached to a metallic surface.

In a subsequent processing step, the microvias are drilled onto the structured Kapton-foil
with diameter 500 µm. This was done by a laser that evaporates the material until the
copper-layer is reached. These holes are then filled with a syringe under the microscope
with silver conductive epoxy. The filling process of these vias can lead to bumps with a
height of up to 15 µm, which are subjected to the free stream. However these geometric
disturbances were neglectible for the flow conditions in chapter 5 and 6.

After the wiring and microvia steps are completed, the Kapton foil is cleansed of possible
soot from the laser drilling. Then, the first step for creating the sensor is physical vapor
deposition (PVD) on the front side of the foil. As mentioned in the previous section 4.3,
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first a thin layer of 15nm chrome for improved adhesion and then a 560 nm gold layer are
deposited. Next, the surface is dispensed with positive resist. After baking the sensor foil
with the resist, it is exposed to UV light in the lithography device. Here the sensor array
dimensions are restricted to the lithography mask dimensions of 100 ⇥ 100 mm

2, which in
turn limits the field of view for the experiments in chapter 5 and 6. The sensor designs for
the mask were created in ©Solidworks as a ”dxf”-file, which was then uploaded into the
©L-edit software. Based on the sensor design, an array is created through duplication along
a predetermined grid. Finally, the correct alignment between the copper wiring backside and
gold sensor front end was also double-checked. After the UV exposure, the sensor foil is
subjected to a mixture of H2O and developer. This allows to proceed with the etching step,
where the gold is removed, which is not part of the sensor structure. Next, the remainder
of the resist can be removed with Aceton and alcohol and in a final step reactive ion beam
etching (RIBE) is used to adjust the sensor resistances by decreasing the thickness of the
sensors to roughly 400 nm as required from the discussion in section 4.3.
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Figure 4.6: Figure (a) shows the sensor positions for the linear sensor array design from the
backward facing step with respect to the step-height xh = 7.5mm. The same is
illustrated for the 2D circular array in (b).

The grounding connections of each sensor was chosen to be on the surface in order to
reduce wiring complexity on the back as well as the number of microvias, which are potential
malfunctioning sources. However, it was necessary to divide the 64 sensors into groups of
16. This arrangement avoids ground loops between the 4 different address plates, which
otherwise lead to an undesired drastic decrease of signal-to-noise ratio.
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In the linear array the linear sensors were all aligned in a row of 1.5 mm spacing between
sensors. In total 64 sensors were realized over a measurement span of 96 mm, which almost
spans the maximum available span of the lithography mask. In order to integrate the array
into the testing geometry discussed in detail in the upcoming chapter 4.5, the first 3 sensors
were covered by the step and therefore out of service during the experiments in chapter 5
and 6. This is shown in figure 4.6 (a) and as a result, the sensors are always identified with
respect to the distance to the separation edge.

In the case of the circular sensor structure, an array of 7 ⇥ 9 sensors was designed. The
distance between two adjacent sensors was chosen to be 3 mm in both the horizontal and
vertical direction. The reason for this is two-fold: On the one hand a compromise between
the desired high sensor density and the counteracting influence due to the heating must be
found. On the other hand the copper conductor width provides a restriction on the possible
density. The sensor array is located in a spanwise central position in the downstream location
xh = 5 � 8.2, which according to the discussion in 2.4.3 should contain rich flow dynamics.

4.5 Geometry of the model within the thesis

The purpose of the model is to generate seperation at a backward-facing step with a developed
boundary layer. It is illustrated in figure 4.7. The 300 mm wide model consists of an
elliptical nose (150 mm in length) to guarantee that separation does not occur upstream of
the backward facing step (zone 1), a parallel fore-body (100 mm in length, 25 mm thick)
(zone 2), and a splitter plate (150 mm in length, 10 mm thick) (zone 3). At the end of
the fore-body a sudden step with a height of 7.5 mm appears symmetrically on both sides.
Thus, the area aspect ratio for the sudden step is 1 : 1.02. A ratio of 1 : 40 was achieved for
step height to step width, which ensures that the wind tunnel side walls did not affect the
recirculation region (J.K. Eaton 1981).

With the exception of the rear splitter plate, the model is made of stainless steel and the
surfaces were polished to avoid diffuse reflections at the wall, which would bias the near
wall PIV velocity measurements. In total, two different splitter plates were created and the
hot-film sensors flush mounted on each of them. Connections are lead out of the model
within the backward-facing step model to the sides and each metallization is isolated by
Epoxy. To ensure smooth transition between model and sensor foil, the edges were levelled
and polished. For all measurements including both PIV and the 1D linear sensor HF array in
chapter 5, the sensitive sensor area is located in the cross-section line of the PIV laser sheet.
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1 2 3

sensor 
   array

Figure 4.7: Figure shows the backward facing step flow model configuration used in the
experiments in chapter 5 and 6.

4.6 Summary

This chapter has shown that the sensitivity of a sensor has to be adjusted with respect to the
control circuit requirements. For the current hardware Rs = 100 ⌦ is a good selection. The
required resistance Rs is then imposing the geometric dimensions on the sensor design. The
first sensor type manufactured is a linear sensor with roughly 7 mm length and 0.2 mm width
for smaller resolution in one preferred direction. This sensor is used within a linear sensor
of 64 sensors with 1.5 mm spacing. However, only 61 are actually used after integration
into the model splitter plate of the backward facing step. The second sensor type is a novel
circular design with no preferred directional sensitivity and roughly 1.5 mm diameter, which
allows dense packing within a 2D array configuration with 63 sensors separated in 7 rows
with 9 sensors each at 4 mm spacing. The first array is subjected in low Reynolds number
experiments in 5, while comparable measurements of the second array are not feasible at
such low speed velocities due to its large heat generation. Both arrays are used in chapter 6
for high Reynolds-number flows.
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Chapter 5
Time-resolved comparison between PIV and HF

measurements

In order to be able to interprete the microstructured hotfilm signals 4 on the array generated
within the backward-facing step flow field 4.5, time resolved PIV images are taken simul-
taneously. The chapter explains and walks through several analysis methods to compare
the results. In particular, the statistical moments in 5.3 are used to find out more about
the reattachment length xr. The tracking of features in 5.4 can be used to determine the
group velocity distribution ug and frequency of coherent structures. The power spectra and
correlation analysis in 5.5.1 and 5.5.2 are used to determine the same measures just through
a statistical approach. Moreover, the flapping is directly observed and characterized through
the footprints of the vortical structures in the sensor array field in 5.5.3.

5.1 Experimental set-up

The backward-facing step model 4.5 was equipped with an acrylic panel on each side and
adjusted in front of the exit of the open jet wind tunnel as illustrated by figure 5.1. On
the rear splitter plate the hotfilm array with 61 active sensors each separated by 1.5 mm

(4.4) was used and a PIV field of view of 133 ⇥ 25 mm
2 for capturing the streamwise 2D
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flow structures was located along the cross sections of the hotfilm sensors. After complete
processing of the PIV images according to the methods in 3.2.1, the size of an interrogation
window representing the averaged velocity vector was 0.35 ⇥ 0.35 mm

2. A free-stream
velocity of u0 = 7.1 m/s, which is equivalent to Reh = 3400, was used and the flow
dynamics was simultaneously captured with Fs = 10 kHz frame rate for the PIV images
and Fs = 20 kHz sampling rate of the microstructured HF sensors. In total N = 14000 PIV
images and N = 28000 simultaneous HF instances were recorded and used for the following
investigation.

CMOS camera

laser

free-jet wind-tunnel

beam-shaping
       optics

acrylic side panels

particle
seeding

 

 

u∞

x, u

y, v

z, w

  Lasersheet
(field of view)

 Hotfilm array

Figure 5.1: An illustration of the BFS and its main components.

5.2 The PIV and HF flow field

The averaged flow field is constructed from the N = 14000 different instantaneous velocity
fields sampled at Fs = 10 kHz from the PIV field of view. It is shown in figure 5.2 (a) and
is used to visualize the main flow regimes of the backward facing step. The characteristic
reattachment length was obtained through the extrapolation of the zero velocity flow vector
u = 0 to the wall and is located at xr = 8.2. The recirculation zone is dominating the flow
between the step and xr. Though most streamlines are closed, the slight asymmetry indicates
that the flow-field is still under the effect of three-dimensional spanwise motion induced
through the acrylic sideward boundary and open nature of the wind-tunnel. The secondary
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Figure 5.2: Mean flow field (a) and instantaneous flow field (b)

flow is weak and not visible in those streamlines. In addition, the HF sensor positions are
marked along the wall and the definition of a horizontal PIV slice is depicted.

Figure 5.2 (b) shows one selected instance of the instantaneous velocity vector fields. Here
the arrow size representing the velocity at a selected position does not scale linearly with
the absolute velocity in order to enhance readability. This snapshot shows the unsteadiness
of the reattachment as well as the dynamics imposed through the instability of the shear
layer. The structures are created several step heights upstream of the reattachment and their
vertical size suggests that they should leave a footprint on the wall. This is hinted at in a first
comparison between a PIV slice and the dynamic HF sensor response.

In figure 5.3 (a) a horizontal slice at the height yh = 0.28 above the wall of the u-
component is shown and its evolution over time. Each pixel value x at position n is scaled
with respect to the highest max(x) and lowest min(x) value of the time series in order
to rescale the values to fall into the interval [-1,1] (see equation (5.2.1)). This allows to
compensate sensitivity divergencies between sensors and improves the visualization of the
structures.
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x̂n =
1

2
· xn �max(x)

max(x) �min(x)
� 1 (5.2.1)

The visualization reveals peaks and minima that travel downstream with time starting
around xh = 5. The steeper the slope, the higher a group velocity ug = �xh/�t can be
assigned to the structures within the (x, t)-plane. Qualitatively, the downstream velocities
appear to be regular and exhibit similar group velocities. This indicates that the origin of
these streaks stems from counter-rotating pairs of vortices generated through vortex shedding
and in former BFS experiments (Nezu et al. 1989) the downstream movement of coherent
structures of alternating nature has been observed. Similar downstream-orientated streaks
are also visible in figure 5.3 (b), where the dynamic AC data was recorded simultaneously to
the PIV measurement. The data is also scaled according to equation (5.2.1), yet especially
for sensors below xh < 5 the signal to noise ratio is so low that possible slow-moving
structures are suppressed.

Image 5.4 (a) shows the streamwise PIV velocity slice at position yh = 1.01. The image
reveals slow velocity fluctuations between xh = 0 � 7. These structures break up and
develop into several comparably faster alternating structures that move downstream with
similar velocity. While the slow-scale oscillation is not as pronounced for the horizontal
velocity component in figure 5.4 (b), the alternating downwards moving structures are clearly
visible. Based on the discussion in 2.4.3, this plot indicates flapping of the shear layer and
development of vortical downstream-moving structures.

5.3 Analysis of the moments

Measurements in physics are always superimposed by a certain degree of uncertainty through
external noise and limitations of the measurement device. Moreover, underlying physical
principles can also influence the probability with which a certain value is measured, e.g.
the spectral radiance of a black-body. This is why probability density functions (PDF)
are used to describe the likelihood of a variable to take on a given value (Tropea et al.
2007a) and can be used to validate physical models. Among the most commonly used is
the Gaussian distribution (Ribeiro 2004) defined in equation (5.3.1), which provides the
complete description of a normally distributed random variable with the parameters µ and �.
For fitting purposes, the equation can also be expressed through the three parameters a,b,c as
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Figure 5.3: (x, t)-plane of a u
0 PIV slice at yh = 0.28 in (a) and HF data in (b).

59



Time-resolved comparison between PIV and HF measurements

0 2 4 6 8 10 12

0.5

1

1.5

2

2.5

3

xh

t
[m

s]

 

 

u
[m

/s
]

−1

−0.5

0

0.5

1

(a)

0 2 4 6 8 10 12

0.5

1

1.5

2

2.5

3

xh

t
[m

s]

 

 

v
[m

/s
]

−1

−0.5

0

0.5

1

(b)

Figure 5.4: The temporal-spatial relationship of a PIV u velocity slice at the height yh = 1.02

is shown in (a). Graph (b) is the v velocity component at the same step-height.
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The expected value µ is defined for a series of data points (t,x(t)) through equation
(5.3.2) (Walck 2007). The expected value is then used to define the higher central moments,
which are calculated with respect to the mean such as the variance � = m2, the skewness
m3 = µs and kurtosis m4 = µk in equation (5.3.3) (Walck 2007). While � is a measure of
the deviation from the expected value, µs can be used to describe the asymmetry of the
distribution compared to a Gaussian and the maximal curvature of the gaussian central peak.

µ = E(x) =
+1X

i=0

xi f (xi) (5.3.2)

mk = E(x � µ)
k (5.3.3)

In figure 5.5 (a) the mean horizontal PIV velocity profile u = µ(u(t)) is shown. Ad-
ditionally, the higher moments {�, µs, µk} are represented through contour-lines taken at
respective thresholds s. The graph shows that the maximum deviation from a mean profile is
concentrated to an area starting slightly before the reattachment length xr and leading further
downstreams to xh = 10.8. The mechanism responsible is most likely the vortex shedding
2.4.4 that based on figure 5.4 starts before the reattachment length in the shear layer around
xh = 3 � 8. Clearly the flow-regime is affected by the skewness µs of the distribution. Close
to the wall and reattachment region the skewness is mainly above zero, µs > 0 , which
indicates that the normal distribution is shifted to lower velocities. The opposite is the case
when the distribution is further from the wall with µs < 0, where the distribution is slanted
to higher velocities. With respect to the shape of the peak of the normal distribution, the
kurtosis is dominated by a positive µk > 0 value in the same region and thus the peaks of the
distribution are more prominent.

Figure 5.5 (b) shows the higher moments of a PIV slice of both the u-field and v-field at
yh = 0.23. The data is smoothed with the Savitzky-Golay algorithm (Schafer 2011) with
a window size of �x = 0.5 h and scaled to lie within the same range. The variance starts
to have a noticeable change around xh = 5 and starts to increase for the u- and v-field to
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Figure 5.5: In figure (a) the mean velocity field u is shown with several contour-lines
referring to moments at certain thresholds s. The moments of a PIV slice at
yh = 0.23 is shown for u and v in (b). Respectively, in (c) are the moments from
the HF data.62



5.4 Characterization and tracking of coherent structures

a maximum at b = 8.9 and b = 8.7 respectively. This value is slightly upstream of the
reattachment length of xr and is very broad, encompassing the unsteady shear layer. The
same is true for the fourth moment µk, which shows that the peaks of the distribution are
well defined, as already predicted by the overview in 5.5 (a). The skewness of the u-field is
also corroborating the earlier finding that the distribution is slanted towards lower velocities
until a critical distance further downstream (in this case xr). The skewness of the v-field on
the other hand shows the change in sign much closer to the reattachment length xr. Figure
5.5 (a) already indicated that the distributions can vary with slice - position yh. This leads
to the conclusion that while the analysis of the moments within the velocity field can yield
information on the averaged flow-field dynamics, it is limited in its use as a tool to determine
the exact reattachment length xr.

The situation is slightly different for the wall-shear measurements of the hotfilm sensors
as shown in figure 5.5 (c), where all moments were scaled and a Savitzky-Golay algorithm
with a window size of �x = 2.2 h was used. Here both peaks of the variance � and kurtosis
µk show a peak around the mean reattachment position xr. Furthermore, the skewness
indicates that upstream of the reattachment length the Gaussian distribution is slanted
towards decreased values while upstream values tend to be increased within the distribution.
The graph indicates that close to the wall, the wall shear stresses give a precise indication
of the reattachment length, unlike the velocity values from 5.5 (b). There might be several
explanations for this, which are worth of further investigation. On the one hand, though
strongly related to the velocity field, the shear stress is a physically different quantity and
especially close to the wall the resolution of the PIV is limited in this experimental setup,
even though strongest changes occur close to the wall. On the other hand the acrylic side-
panels (see 5.1) could also have a greater influence on the flow-field then expected and add
turbulence effects downstream. However, due to the strongly dynamic skewness with respect
to the PIV-slice height yh, the author believes that the first reason is the case. The variance �
of the HF data is also successfully used in the next chapter on high speed measurements 6 to
reconfirm the reattachment length position in the investigated flow-field.

5.4 Characterization and tracking of coherent
structures

The first step towards the analysis and comparison of coherent structures between PIV and
HF measurements is their identification. Coherent structures can be defined in multiple
ways, yet most definitions agree that an increase of a flow-measure persists compared to the
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Time-resolved comparison between PIV and HF measurements

mean flow within its proximity over time and space (Haller et al. 2000; Hussain 1986). In
flow fields, one measure of dominant structures can be shearing motions or rotations due
to a vortex in motion. In order to identify a time-dependent area of increased velocity, a
threshold such as a multiple of the standard deviation of the flow field measure can be used.
As described in section 2.4.4, a primary mechanism for coherent structures in the backward-
facing step flow configuration is the instability of the shear layer leading to downstream
moving vortices (Depres et al. 2004; Driver et al. 1987). Since a simple vorticity field
!z =

⇣
@ux

@y
� @uy

@x

⌘
does not differentiate between rotation and shearing motion, one possible

solution is to calculate the �2 criterion (Jeong et al. 1995) defined as:

�2 =

 
@u
@x
@v
@y

!2

� 4

 
@u
@x
@v
@y
� @u
@y

@v
@x

!
(5.4.1)

Figure 5.6 visualizes several ways to capture coherent structures within an instantaneous
PIV snapshot. The first option is the usage of a threshold on the velocity u - and v-field
independently and identify the coherent velocity fields above the threshold. The second
visualization is the �2-method which is gradient based on the velocity field and thus more
susceptible to noise. Other methods could be based on the stream-lines and vector fields,
which are also visualized in figure 5.6. However, especially the stream-lines are rarely closed
at all instances and are thus less feasible to use as a vortex identifier.

0 2 4 6 8 10
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x/h

y/
h

 

 

u
λ2

Figure 5.6: An illustration of possible BFS coherent structures based on streamlines, or
thresholded u and �2 regions.
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5.4 Characterization and tracking of coherent structures

Structure identification in streaks

Before focusing in detail on the 2D structures within the velocity field in 5.4, this section
concentrates on a way to identify structures visible in the (x, t)-plane of the HF data and
horizontal PIV slices as shown in figure 5.3. The downstream flowing streaks, which can be
defined through a threshold s, fulfill the time-and spatial correlation. Both local maxima and
minima can span several sensors (or pixels in the case of PIV slices) and shift their centre of
mass further downstream over time.
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Figure 5.7: Identification algorithm scheme on the left and corresponding (x, t) - plot on the
right to extract streak characteristics.

In graph 5.7 the strategy to identify the streaks is shown. This method is employed for for
both HF sensors and PIV velocity slices in order to retrieve structures in section 5.4.1 and
contains the following steps:

• First, the time-dependent data is filtered with a Savitzky-Golay filter (Schafer 2011)
with a filter length of lSG = 1.5 ms at each sensor/pixel position. This filter smoothes
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noisy data by approximating subsets through interpolation polynomials by linear least
squares. For malfunctioning sensors in downstream positions {xh = 3.4, 5.8, 6.0, 6.8, 9.8, 10.2}
the data is approximated through linear interpolation of adjacent sensors at each time-
instance.

• In the next step, the images were converted to black-and-white (BW) images through
a threshold s, which facilitates the identification of geometric objects within an image.
The threshold was applied locally to each sensor/pixel position with s(±,n) = µn ± �n

for local maxima and minima.

• Once this step is achieved, structures within the (x, t)-plane can be identified and used
to characterize their local position and temporal existance. In order to reduce the
number of false positives, the spanwise size of a structure has to be at least �x � h

and averaged time duration �t � 8 ms.

• In a final step, the identified structures are listed and their position with its corre-
sponding (x, t) - coordinates are extracted through a Gaussian fit at each sensor/pixel
position. This info can then be used for comparison with other data or the statistical
analysis of the structure properties.

Structure identification and tracking in PIV 2D images

Unlike the PIV slices and HF data, where coherent structure identification reduces to object
identification within the (x, t)-plane, the tracking of coherent structures for the 2D PIV
images I(x,y) becomes both the identification of structures within the plane and additionally
an assignment to a sequence of likewise objects within the time-dependent images. The
tracking algorithm illustrated in figure 5.9 is based on three steps, which are looped over all
time frames i = [1,N]:

(i) In the first step i, the contour of a structure is extracted through application of a global
threshold based on the standard deviation of all pixels s = �(I) within the image. The
physical nature of the structure can either be a velocity component of the vector field
(ux,uy) or a derived quantity such as the �2 criterion. For each structure the centroid
(xc, yc) with xc =

P
n xn ynP

n yn

is taken as the position within the flow field. The area becomes
a measure for the strength and impact of the structure on the flow. In order to filter out
noise, the minimum size of a detected structure is Amin = 0.1h

2. Each structure is then
saved in a listKi.
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Figure 5.8: Tracking algorithm main steps.

(ii) The second step is the assignment of the peaks Ki found within the image to the
existing active tracks Lact. For that purpose a cost matrix Mi(k,l) is constructed
based on the Eucledian distance d(k,l) between the last position within each active
track

�
xc(l), yc(l)

�
in frame i and the new object

�
xc(k), yc(k)

�
in frame i + 1. The

optimal cost assignment between each newly identified object and existing track is then
calculated via the Munkres assignment algorithm (Munkres 1957). The algorithm itself
is based on the Hungarian method (Kuhn 1955), which is a mixture between linear
programming and graph theory that allows the reduction of the general assignment
problem to a 0-1 problem. For all assignments the costs are then checked and in case
the eucledian distance is below dmax < 1.87 h the assignment of the object to the track
is successful. In that case the list Lact is updated with information on the last track
position

�
xc(l), yc(l)

�
and other parameters such as the total survival time tl of the

track.
(iii) In case no assignment was applicable for the track, be it due to the lack of active tracks

or exceeding the maximal cost requirements dmax, then the object information is saved
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Time-resolved comparison between PIV and HF measurements

as a starting point for a new possible future track. This procedure is controlled by a
third function. In addition, the function changes the status of active to inactive of a
track if it has not been updated for consecutive 5 frames, equivalent to 0.5 ms.

In order to compare and allow a physical interpretation of the coherent structures, the
tracking over time of the 2D structures can be projected on the (x, t)-plane by extracting
the centroid position of the structure. This can then be used to find a relationship with the
structures extracted from the HF images as displayed in figure 5.9 (a). A complete overlay
of the HF and PIV structures is not possible since on the one hand the structure centroid
location depends slightly on the global threshold s used for the identification and on the
other hand due to the phase shift induced through the three filters used in the HF analogue
hardware. Based on figure 5.9 (a), however, it can be seen that the slope and frequency of
occurrence seem to be similar and must be due to the vortex shedding mechanism. This is
investigated statistically in further detail in the following subsection.

5.4.1 Statistical analysis of the tracked features

Based on identified structures and their projection in an (x, t)-plane as explained by figure 5.9
(a) the structures can be used to define a group velocity ug through the slope of the structures
in the (x, t)-plane. Additionally, a frequency of occurrence through the time-difference
between two consecutive structures at the same location xh can be extracted. In order to
reduce the noise, the extracted structures are smoothed with a Sovitzky-Golay filter of length
lSG = 1 h.

A histogram of the distribution of the extracted structure velocities based on the slope
of the structures is shown in figure 5.9 (b) for multiple downstream locations xh for the
HF data. From this image the first noticeable peak occurs at xh = 6.5. This peak further
increases with downstream position in strength and also mean group velocity position. The
application of a Gaussian fit is then used to extract the mean group velocity and its variance.
The extracted group velocities can then be used to show the distribution as in figure 5.10 (a),
where the resulting group velocity distributions for various methods are directly compared.
For this graph only structures identified after xh > 6 are shown, because as indicated by
figure 5.9 (b), upstream of that position the peak strength is not noticeable.

The Gaussian peak fit-parameters (5.3.1) of the graphs within figure 5.10 (a) are then
summarized in table 5.1. The HF (x, t)-plane structures based on the method in section
5.4 lead to a mean group-velocity of ug = 0.45 u0. A value close to this is also found in
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Figure 5.9: In figure (a) the overlap of several 2D tracking paths from PIV slices compared
to the features extracted from the HF data. Figure (b) shows the statistical
distribution of the extracted velocities at several selected sensor locations.
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the projection of the (x, t)-plane of the PIV data at a distance yh = 0.09 from the wall, yet
with a much broader peak. This indicates that the projection of the velocity field contains a
wide variety of structures, which could be due to interferences on the velocity field from
the acrylic side-walls and the generally turbulent nature of the flow. A complete shift of
the peak to lower velocities is shown in the tracking of u and v structures according to the
method discussed in section 5.4, which leads to a group velocity of ug = 0.37 u0. This and
the broad peak also indicate that other influence exist besides the vortical structures. These
vortical structures are very well identified with the �2-criterion, which has a peak almost
superimposed with the HF structures at ug = 0.44 u0. This is a strong indication that the
streaks shown in the HF data are indeed directly related to the vortical structures of the flow
field. The broadness of the peak can be partially explained through that and increase of
group velocities with upstream position in xh as was also observed in (Scharnowski, Bitter,
et al. 2014). This could be due to the rolling down process of the vortices becoming more
efficient with respect to the downstream position.

parameter HF u(yh = 0.09) u v �2

b(ug/u0) 0.45 0.43 0.37 0.37 0.44
c(ug/u0) 0.10 0.15 0.12 0.11 0.05
b(Sr) 0.16 0.17 0.17 0.16 0.17
c(Sr) 0.003 0.01 0.005 0.006 0.02

Table 5.1: Shows the parameter based on (5.3.1) of figure 5.10 (a) & (b).

The frequency of occurrence based on consecutive tracks can be investigated in an
analogous manner and is presented in figure 5.9 (b). For better comparison with other
experiments, the frequency is converted into the dimensionless Strouhal number Sr as
introduced in section 2.3. For all methods investigated, namely {HF,u(yh = 0.09),u, v,�2},
the peak lies around Sr = 0.16 � 0.17. This is a value often interpreted with the vortex
shedding in the power spectrum (Depres et al. 2004; Driver et al. 1987) and it can be safely
said that the group velocities of the structures from graph 5.9 (a) are indeed those of the
downstream moving vortices.

In order to validate the results on the group velocity and dominant frequency based on
the image analysis, the next subsection focuses on another way for validation, namely
integral functions. Power spectra as used in section 5.5.1 are commonly the first choice in
literature regarding spectra (Depres et al. 2004; Driver et al. 1987) and the convolution will
be introduced to retrieve a group velocity directly from the data in section 5.5.2.
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Figure 5.10: Comparison of the extracted group velocity ug in figure (a) and frequency of
occurrence in figure (b) for the various coherent structures investigated.
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5.5 Integral Function Analysis

Integral functions and their applications can be used to analyse the statistical properties of
data. In particular, the power spectra 5.5.1 can be used to describe the energy content of
a flow phenomena and the fross correlation 5.5.2 can be used as a measure of similarity
between two signals at different places in space and time.

The basis for the analysis stems from the definition of a kernel function K. A widely
used application is the mapping of a discrete data signal x(t) from the time domain t to
the frequency domain ! = 2⇡/ f through K(t,!). This can be achieved through integral
transforms of the form of equation (5.5.1) (Sneddon 1972). The choice of the kernel function
depends on the desired investigation and for returning the data to the original domain a
reciprocal Kernel K

�1
(t,!) must be available such as equation (5.5.2). In the subsequent

paragraphs, different Kernel choices and their respective applications to data-analysis are
high-lighted. The equations for a continuous signals with integral

R
are also applicable for

deterministic discrete time data {x(ti); i = 0, ± 1,±2, ...} by exchanging the integral with a
summation

P
and will be the primary notation from here forth.

X(!) =

Z
t2

t1

@tK(t,!)x(t) (5.5.1)

x(t) =

Z !1

!2

@!K
�1

(t,!)X(!) (5.5.2)

1. The Fourier transform has the Kernel functions K(u) = e
�i!t and K

�1
(t) = e

i!t re-
spectively. Since this exponential function can be expressed through the trigonometric
sinus and cosine as e

it = sin(t) + i · cos(t), this transform decomposes a signal into
frequencies and weights their importance by the amplitude. The complete transfer
and its inverse are given for the discrete-time Fourier Transform (DTFT) by equation
(5.5.3) and (5.5.4) (Tropea et al. 2007b). Since the sampling rate of the data x(t)

is discrete, the resolution of the frequency decomposition is also limited and the
lower and higher limits of the detectable frequencies are determining the bandwidth.
The Nyquist sampling theorem (Jerri 1977) states the necessary sampling rate of a
bandwidth limited signal with respect to the highest expected frequency fmax: The
sampling rate Fs of the data x(t) should be at least Fs � 2 ˙fmax in order to resolve
the desired frequency fmax within the data. An important application of the Fourier
transform is the power spectral density (Tropea et al. 2007b), where the intensities of
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periodic fluctuations of various frequencies are determined. This is further elaborated
in the subsection on the power spectral analysis 5.5.1.

X(!) =
1X

t=�1
x(t)e

�i!t (5.5.3)

x(t) =
⇡X

!=�⇡
X(!)e

i!t (5.5.4)

2. The second common integral function is the convolution, which is used to determine
the overlap of one function x1(ti) with a second function x2(ti) as the Kernel func-
tion, which is shifted in time by ⌧. For the discrete time-domain {ti; i = 1..N} the
convolution is defined in equation (5.5.5) and only differs from the cross correlation
in equation (5.5.6) through the sign of the shift g(ti + ⌧) within the Kernel function
(Tropea et al. 2007b). In order to restrict the correlation to an interval [�1, 1], which
can be used to characterize how similar two data-sets are, the convolution and cross-
correlation are divided by their respective standard deviation �1 and �2 of the data
set x1 and x2 as defined in (5.3.3) . In the case the Kernel function is the same as
the test-function x1 = x2, then the process is called auto-correlation (Tropea et al.
2007b).

⌅(2)

x1,x2
(⌧) = (x1 ⇤ x2)(⌧) =

1

�1�2

NX

i=1

x1(ti) ⇤ x2(ti � ⌧) (5.5.5)

⌅(2)

x1,x2
(⌧) = (x1 ⇤ x2)(⌧) =

1

�1�2

NX

i=1

x1(ti) ⇤ x2(ti + ⌧) (5.5.6)

3. Another family of integral functions are wavelets. These are used to measure the
oscillations within a signal similarly to the Fourier transform, with the exception that
the oscillation is additionally limited in space. These oscillations are characterized
through wavelet-functions. Their general shape is defined in (5.5.8) (B. J. T. Jones
2009) through a mother-wavelet  with parameters that describe the scaling a and
the shift b. The continuous wavelet transform is then similarly calculated to the
convolution with the exception that the second function is the mother wavelet as
shown in equation (5.5.7). An example of a mother wavelet family and use-case is
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given in the subsection 5.5.3 on the identification of the flapping phenomena.

xa(b) =
NX

t=1

�
x(t) a,b(t)

�
(5.5.7)

 a,b(t) =
1p
a
 

 
t � b

a

!
(5.5.8)

5.5.1 Power spectral analysis

The power spectral analysis is used to determine how the total power of a sensor signal
x(t) is distributed over the frequency to possible periodicities (Stoica et al. 2005). Thus, its
usage is common in almost any scientific field, from speech analysis, medicine, seismology,
vibration monitoring to astronomy. Through Parsevals theorem (Agrawal et al. 1993) in
equation (5.5.10), the energy spectral density (ESD) S(!) in equation (5.5.9), defined as the
square of the discrete-time Fourier transform from equation (5.5.3), is related related to the
(assumedly) finite energy content of the signal

P1
t=�1 |x(t)|2 < 1. This allows the energy

spectral density to represent the energy as a function of frequency (Stoica et al. 2005).

S(!) = |X(!)|2 = |
1X

t=�1
x(t)e

�i!t|2 (5.5.9)

1X

t=�1
|x(t)|2 =

⇡X

!=�⇡
S(!) (5.5.10)

Since a random signal is not associated with finite energy but characterized with averaged
power, the power spectral density (PSD) is introduced by applying the operator, which
pertains all the properties of the ESD such as Parsevals theorem with the exception that the
time signal is now confined and truncated to N time-steps of the signal {x(t), t = 1,...,N}.
As a result, the PSD is defined similarly to the ESD by equation (5.5.9) divided by N. In
order to further enhance the statistical quality of the PSD estimator, a temporal window
function v(t) can be introduced as first suggested by (Welch 1967). The definition of such a
windowed periodogram is given in equation (5.5.11) and the choice and shape of the locally
applied weight v(k) is aimed at reducing the variance of the periodogram.
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�̂W(!) =
1

N
|

NX

t=1)

v(t)x(t)e
�i!t|2 (5.5.11)

With the Welch estimator (Welch 1967) this is done by splitting up the the available
samples into a number of S subsamples and computing the periodogram after windowing.
Unlike the similar Bartlett estimator (Bartlett 1950), the segmentation windows defined in
equation (5.5.12) can overlap and the recommended value is 50%, in other words S = 2M/N
segments with overlap K =M/2 and hamming window length M. The choice for the window
function depends on the required sidelobe level and mainlobe width. A good compromise is
the hamming-window defined through equation (5.5.13) (Stoica et al. 2005). The complete
Welch estimate of the PSD is then given by the averaged periodograms in equation (5.5.14).

xj = x
�
( j � 1)K + t

� {t = 1,...,M j = 1,...,S} (5.5.12)

v(t) = 0.54 + 0.46cos

✓ ⇡t

M � 1

◆
(5.5.13)

�̂W(!) =
1

S

SX

j=1)

�̂ j(!) =
1

S

SX

j=1)

|PM

t=1
v(t)yj(t)e

�i!t|2
P

M

t=1
|v(t)|2

(5.5.14)

It should be noted that a alternative definition of the PDF exists, which is defined through
the DTFT of the autocorrelation ⇢(k) =

P1
t=�1 x(t)x

⇤
(t � k). This correlogram definition has

equal averaged estimates to the periodogram and can similarly also be weighted through
lag windows w(k) as defined within the Blackman-Tukey estimator. The interested reader is
referred to (Stoica et al. 2005) for more details.

In figure 5.11 the power spectra of three different sensor positions {xh = 5, 7, 11.4} are
shown. Additionally, for each streamwise position, the power spectra of the streamwise
PIV velocity component u at three different heights {yh = 0.09, 0.56, 1.02} is analysed
and directly compared to the HF data. The welch algorithm was applied with a hamming
window of length M = 1.2s for both the HF and PIV measurement. In order to guarantee
the same data-range for comparison of the HF data {xh f (ti); i = 1..N1} with N1 data points
and PIV data {xpiv(ti); i = 1..N2}with N2 data-points, the HF data is scaled with the PIV
data according to equation (5.5.15):

75



Time-resolved comparison between PIV and HF measurements

x̂h f (t) = xh f (t)

P
N2

i=1)
xpiv(ti)

P
N1

i=1)
xh f (ti)

(5.5.15)

The first streamwise position at xh = 5 in figure 5.11 (a) is a peak located at Sr1 = 0.01

corresponding to a frequency of f1 = 10 Hz in the PIV data. With respect to figure 5.4 (a),
the origin of these slow oscillations is most likely the flapping of the shear layer, which is
most noticeable at vertical positions close to the step height yh ⇡ 1 and is less affected at
the positions yh closer to the wall. No such peak is visible for the HF data due to the high
pass filter in the hardware as described in section 4.2. A second peak is visible at Sr2 = 0.16

for both HF and PIV field. It is strongest at a height yh = 0.56, where the vortex shedding
develops within the unstable shear layer. Thus with respect to the results of the statistical
structure analysis in section 5.4.1 and sources in literature (Depres et al. 2004; Driver et al.
1987), this frequency can be associated with the vortext shedding.

In figure 5.11 (b) further downstream at xh = 5 the peak associated with the flapping at
Sr1 = 0.1 has decreased strength at the formerly dominant height yn = 1.02 and has become
most prominant at half a step height from the wall. The second peak at Sr2 = 0.16 is now
strongest and exists over a wide range of height yh in the PIV field. This vortex shedding
peak Sr2 still persists further downstream at xh = 11.4 as shown in figure 5.11 (c). However,
so far downstream from the reattachment length xr = 8.2 the peak is only visible close to
the wall. Furthermore, its amplitude has diminished and distribution is broadened due to
an increased chance to induce noise on the vortex structure. This is also true for the for the
shedding frequency, which is still partially visible in the u-field close to the wall, however
not visible any more at yh = 1.02.

The peak strength a1 development of Sr2 can be seen in figure 5.12, which was extracted
from the individual PIV plots at the respective sensor positions xh with a Gaussian fit. The
data points in figure 5.12 were further smoothed with a Savitzky Golay filter. For the
HF data the peak becomes noticeable around xh = 5 and grows steeply at xh = 5.8 to its
peak at xh = 7.2. Then it decreases with a second local peak at xh = 10.6. The PIV slice
closest to the wall at yh = 0.09 becomes noticeable around the same position at xh = 5,
yet its peak is further downstream at xh = 8.9. The amplitudes for both vertical positions
{yh = 0.56, 1.02} is on average lower than the other two previously discussed data-sets.
Moreover, the development of the peak Sr2 starts further upstream around xh = 4. The peak
itself is yh = 0.56 at xh = 8.1 with a local peak at xh = 5.29 and for yh = 1.02 at xh = 8.18.
As a conclusion, the effect of the vortex shedding can be seen in the shear stress already
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Figure 5.11: This figure shows four different instances (a-d) of the welch power spectra at
the respective streamwise positions {xh = 1.2, 5, 7, 11.4} for both HF and
different streamwise PIV velocity positions {yh = 0.09, 0.56, 1.02}.
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Figure 5.12: Figure (a) shows the amplitude development downstreams of the peak Sr2 =
0.16 for the PIV horizontal slice at {yh = 0.09, 0.56, 1.02} and the HF data.

before separation, while in the PIV slices the maximum close to the wall at yh = 0.09 is
well further downstream. This emphasizes that though both physical measuring quantities
of HF and PIV field are related, there are still differences as was already first encountered in
the standard deviation in section 5.3. In the first case the effects of the vortex generation
are already felt stronger at the wall then in the flow field before reattachment. The roles are
reversed further downstream.

Figure 5.13 allows a glance at localized strength of both frequency peaks Sr1 and Sr2

through their amplitudes a1 and a2 according to the Gaussian fit (5.3.1). It is clear that a1

is created in the shear layer and gains in strength at xh = 5.6 with its maximum strength
exerted after the reattachment in the interval xh = 8 � 10. Analogously, the contour lines
depicting a2 are also dominant in the same interval.

5.5.2 Correlation Analysis

As mentioned in the first part of this section 5.5, the correlation analysis can be used to
determine the similarity of two data-sets x1 and x2 with respect to a time-shift ⌧ between
the two sets. In case no time shift ⌧ = 0 in equation (5.5.6) is chosen, the result is called
two-point correlation ⌅̂x1,x2

and expressed through equation (5.5.16). This measure is well
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Figure 5.13: This figure shows the strength of the frequency peak of Sr1 through its ampli-
tudes a1 in a colormap. The contour-lines for several thresholds of frequency
peak Sr2 with its amplitude a2 are layered above to allow a direct comparison.

suited to determine the spatial size of similar structures averaged over time since it provides
the probability that two randomly chosen points x1 and x2 lie in phase (Jiao et al. 2007) and
has been used before in the literature for the backward facing step configuration to estimate
the size of coherent structures (Scharnowski et al. 2015; Scharnowski and Kähler 2015).

⌅̂2(x1,x2) =
1

�1�2

NX

t=1

x1(t) ⇤ x2(t) (5.5.16)

The two-point correlation of the streamwise velocity field u(x,y) with respect to a velocity
pixel ”seed” located at (xh,yh) = [9, 0.09] is shown in figure 5.14 with a corresponding
colormap. In addition, the graph shows the contour lines at a threshold s = ±0.1 of the
two-point correlation of the same velocity field u(x,y) with a HF sensor ”seed” located at
xh = 9. The graph shows clearly regions of high and low correlations, which are alternating
and roughly divided along the height yh = 1. Depending on the threshold, the size of these
regions span x� = 1 h and are recognizable with respect to both the velocity and HF seed
close to the wall. Based on their size and alternating nature downstream and with regard to
the previous discussions on the nature of the flow structures in 5.4, it is strong evidence to
interprete these regions as parts of the vortices created through the vortex shedding of the
shear layer.

The cross-correlation (5.5.6) can be used to obtain information on the group velocity ug

of coherent structures. In general there are two ways to reach that goal as shown in figure
5.15. The first method (I) indicated through ⌅I

x1,x2
is taking cross-correlation of one ”seed”

sensor with all remaining sensors. This will ideally lead to the similarity of one sensor signal
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Figure 5.14: Illustration of the two-point correlation of the streamwise velocity component
u for a velocity pixel located at (xh,yh) = [9, 0.09]. The contour line is the
two-point correlation of u with respect to HF sensor located at xh = 9 for a
threshold of s = ±0.1.

with the other sensor positions with varying time-shift. In case of a coherent structure a
downstream moving structure should leave a downstream moving imprint in the (x, ⌧)-plane.
The second method (II) displayed as ⌅II

x1,�x
is based on the cross-correlation of equidistant

sensor pairs. In the case of a downstream moving coherent structure at constant velocity, the
(x, ⌧)-plane should exhibit a maxima at equidistant shift �⌧ from ⌧ = 0 at all positions. This
method allows to extract the group velocity between all sensor-pair positions xh with one
graph, yet it is less robust than method (I), where the graph has to be calculated for every
”seed” position anew and the group velocity is calculated through the slope of the maximum
through several sensors.

-6Δx -5Δx

HF sensor

+Δx +2Δx0-2Δx -Δx-4Δx -3Δx

xcorr

+4Δx+3Δx

method (II)

method (I)

+Δx +2Δx0-2Δx -Δx-4Δx -3Δx

HF sensor

xcorr

Figure 5.15: Illustration of two different methods to obtain the cross-correlation.

The application of method (I) is shown for the PIV u - slice at yh = 0.09 in figure 5.16 (a),
where the time-dependent data of a pixel located at xh = 9 is correlated through different
time shifts ⌧ with the other sensors. Regions of strong positive and negative correlation
become visible. The stripe-pattern within the (xh, ⌧)-plane suggests that strong correlations is
regularly occurring zones of higher and lower velocity as is the case for the vortex shedding
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structures already found before in section 5.4.1. The group velocity of the structure at the
seed-location can be determined through defining a region, where the correlation exceed
a threshold of s = 0.7 around the seed. Within this region a line-fit is done through all
the points and the group velocity (5.5.17) calculated through the inverse of the slope. For
a downward moving structure this region should be approximately an ellipsoid as is also
visible in 5.16 (b). Here the same method with a threshold s = 0.5 was used to retrieve the
group velocity from the cross correlation in HF data with a seed at position xh = 9. The
slope and structures look very similar to the PIV field, while the spatial resolution is reduced
due to the bigger sensor spacing.

ug =
�xh

�⌧
(5.5.17)

Using method (I) and the slopes obtained for seeds in the interval 6 <= xh <= 12, a
histogram of the group velocities can be created. This is the case in figure 5.17, where the
group velocity is extracted for HF data and PIV u-slices for {yh = 0.14, 0.6, 1.07}. Fitting a
Gaussian (5.3.1) for each plot provides the mean group-velocity ug = b, summarized in table
5.2. The group velocity is ug = 0.4±0.05 is slightly less than ug = 0.45±0.1 retrieved from
the coherent structure analysis in 5.1, yet still within the overlying peak variation boundaries.
The overlap is better for the slice at yh = 0.14. For increasing distance from the wall yh the
group velocities still have a secondary peak around ug = 0.45, while the secondary peaks
are at much higher velocities ug = 0.58 and ug = 0.64. This indicates that the flow away
from the wall becomes more complex and is less restricted by the wall friction.

parameter HF u(yh = 0.14) u(yh = 0.6) u(yh = 1.07)

b(ug/u0) 0.40 0.47 0.58 0.64
c(ug/u0) 0.05 0.05 0.05 0.09

Table 5.2: Shows the fit parameters of graph 5.17.

5.5.3 Wavelets and the coherent structure detection line

From the tracking of coherent structures and their corresponding footprint on the HF (x, t)-
plane such as in figure5.3 (b), an unsteadiness of the occurrence of coherent structures xs(t)

with respect to the downstream position around xh = 6 is visible. In order to detect and
quantify this unsteadiness, the wavelet analysis from equation (5.5.7) and (5.5.8) is used
with a mexican hat mother wavelet (B. J. T. Jones 2009) defined as:
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Figure 5.16: The application of method (I) for the cross correlation of a PIV u slice at
yh = 0.09 with seed located at xh = 9 (a). The same is shown for HF data with
a seed at xh = 9 in (b).
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Figure 5.17: Group velocity extracted within xh = 6 � 12 interval from cross-correlation
method (I) for HF data and u-field PIV-slices at {yh = 0.14, 0.6, 1.07}.
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(5.5.18)

For each fixed position b in equation (5.5.7), a scale of a = 20 ms is chosen. This rate
of compression of the wavelet a corresponds to the resolution of the rate of change of the
details. It is chosen to highlight and fit closely to the streamwise coherent structures caused
by the vortex shedding. In order to extract the structure reattachment line xs as illustrated in
figure 5.18 (a) for the HF data, the continous wavelet transform (cwt) is thresholded and the
edge position xs(t) extracted through the edge position. The extracted xs lies predominantly
in the region before the reattachment line xr = 8.1 in the range xs = 4 � 8.

Applying the power spectral analysis to the edge position-data over time can lead to
dominating frequencies in the HF shedding line location xs. Graph 5.18 shows one major
peak is visible for the HF data at SrI = 0.01 and secondary peak at SrII = 0.022. Using the
same method on three different PIV slices at yh = 0.09, 0.56, 1.02 does not show such a
clear peak. This might be mainly due to the lacking statistics and edge-detection method
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though, because the HF data in this case was taken from 180000 data-points. The value
for SrI = 0.01 does coincide with peak Sr1 from the PIV power spectral analysis 5.5.1.
Therefore, it can be attributed to the flapping effect, which frequency is one order below the
shedding mechanism and is also reported to occur before and around reattachment (Depres
et al. 2004; Driver et al. 1987).

5.6 Summary

This chapter concentrated on the simultaneous PIV and HF measurements conducted in an
open wind-channel at u0 = 7.1 (Reh = 3400). The emphasis was validating and interpreting
the results from various image processing techniques and integral function methods. It was
found that the HF signal and the flow field do have many overlying properties, yet also that
the complexity of the 2D-flow field is not completely embodied by the 1D hotfilm sensors
projection. Some methods which are applicable for HF are not applicable to the PIV data,
while others show good agreement. The findings can be summarized as:

• The reattachment length xr = 8.1, defined through the position where the mean u-field
changes direction within the primary recirculation zone, can be determined through
the higher moments �, µs, µk of the HF data 5.3. For the PIV u - and v - slices this
method is not directly applicable.

• The downstream moving coherent structures in HF data can be related through
tracking to the vortical 2D structures in the PIV. These structures are also visible in
the horizontal PIV slices of the velocity component close to the wall 5.4.1.

• The group velocity distribution of the coherent structures for both HF and PIV data
can be determined by statistical analysis of tracked features 5.4.1 and lies between
ug = 0.4 � 0.5. The cross-correlation allows to determine the group velocity of the
coherent structures through the slope in the (x, ⌧)-plane with respect to a ”seed” -
position and yields results similar to the ones obtained from the image analysis of
structures 5.5.2. In addition from the PIV u - slices it can be seen that the group
velocity determined through this method increases slightly with the distance to the
wall.

• The streamwise size of the coherent structures can be determined for both HF and PIV
data from the two-point correlation analysis in 5.5.2.

84



5.6 Summary

0 2 4 6 8 10 12

0.2

0.4

0.6

0.8

1

1.2

1.4

xh

t
[m

s]

 

 

A
H
F
[a
.u
.]

−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8
wlt
xs

(a)

0 0.05 0.1 0.15 0.2 0.25

5

10

15

20

25

30

Sr

Φ̂
W

 

 

yh =1.02
yh =0.56
yh =0.09

HF

(b)

Figure 5.18: The HF (x, t)-plane with the marked vortex shedding line xs is shown in figure
(a). The subsequent figure (b) shows the extracted power spectra analysis based
on xs.
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• Two major peaks are visible in the power spectral analysis of the PIV data in 5.5.1.
The low frequency peak at Sr1 = 0.01 is identified as the flapping movement of the
shear layer and thus, its peak amplitude moves from the step closer to the wall with
respect to xh along the streamline. In the HF data this peak is not visible due to the
hardware filter, however, a second peak at Sr2 = 0.16 connected to the movement of
the vortex structures is identified. The strength of the peak Sr2 is dominant downstream
of the xh > 6 position and occurs both in HF and PIV data. Both peaks are also visible
through image processing methods. The peak Sr2 is well visible in the distribution
function of temporal distance between consecutive structures in 5.4.1. In 5.5.3 the
flapping movement Sr1 can be visualized through the spectral analysis of the shedding
line location xs of the HF data.

Among the methods, the structure analysis is more robust than the integral methods, which
is often embodied through the bigger variance in the Gaussian fits. However, the image
processing allows to retrieve additional information such as the flapping frequency, which
would have been impossible otherwise due to the hardware filtering of the HF sensors.
Moreover, a better interpretation becomes available through the direct structure analysis.
The following chapter 6 will revisit the methods and interpretations investigated here and
apply the sensor arrays to an experiment at high velocities at Mach = 0.8.

86



Chapter 6
High Speed Experiments

From the preceding chapter 5 it was shown that the visible streaks on the microstructured
hotfilm sensor arrays can be interpreted with the movement of coherent structures in the flow.
Within this chapter, the same backward-facing step model is used at Mach = 0.8 with the
linear and circular 2D sensor array from 4.4. Additionally, the separation edge is exchanged
through different types of induced disturbances to observe changes due to a contracted mean
reattachment length. Throughout this chapter, the familiar evaluation methods from chapter
5 are used to obtain information on the separation length, group velocity, coherent structure
size and dynamics. Since time-resolved PIV is not feasible at such high Mach numbers, the
emphasis lies on the time resolved HF signals in order to investigate the flow properties.

6.1 Experimental set-up.

In order to achieve higher Reynolds-numbers the measurements in this experiment were
performed at the Trisonic Wind tunnel at the Bundeswehr University in Munich (TWM).
The TWM facility shown in figure 6.1 (Bitter et al. 2011) is a blow-down type wind tunnel
with a 300 mm wide and 675 mm high test section with a stable operating range of Mach
numbers from 0.18 to 3.0. It has two tanks that can be pressurized up to 20 bar above
ambient pressure, holding a total volume of 356 m3 of dry air. The total pressure in the test

87



High Speed Experiments

section is varied between 1.2 to 5 bar to control the Reynolds number. The total pressure and
the total temperature for the discussed measurements were p0 = 1.73 bar and T0 = 285 K,
respectively.

Figure 6.1: Trisonic Wind-Tunnel Munich: compressor (1), tanks (2), gate valve (3), control
valve (4), variable Laval nozzle (5), test section (6), variable diffuser (7) and
exhaust tower (8).

The model placed within the test-section is the same as used in preceding chapter 5 and
described in 4.5. The only addition is that the splitter-plate with the linear sensor array is
exchangeble with a splitter plate that contains the circular 2D design as introduced in 4.4.
The separation edge is also freely interchangeable with passive structures that are aimed at
influencing the flow. This thesis concentrates on a design based on rectangular alterations
of the separation edge as illustrated in the sketch 6.2 (a). The design contains hills and
valleys with an amplitude ±ĥ symmetric to the undeterred separation edge and the pitch p

describing the periodicity. It is taken as d = ĥ in all cases investigated. In section 6.4 the
linear sensor array 4.4 is used to investigate the effect of three separate designs on the flow
field with varying lobe-heights ĥ and pitch p as summarized by table 6.2 (b). Among those
two the design with the largest separation edge is picked out as shown by table 6.2 (c) to
quantify the effect perceived by the circular 2D sensor design 4.4.

At high flow speeds the velocity changes in a backward facing step configuration, espe-
cially within the reattachment zone, can be large considering that the flow in the primary
recirculation zone can be around �0.2 u0 (Hudy. et al. 2007) and up to �0.5 u0 for strong
instantaneous backward flows (Scharnowski et al. 2016). Under such conditions it is not
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Figure 6.2: Figure displaying the rectangular (a) and circular (b) passive actuator structures
with their main parameters used for characterization in section 6.4 for linear &
circular HF array, respectively.

enough to reduce the sensitivity of the HF sensors through the overheat ratio in order to
prevent the HF signal running into the ADC saturation due to the high signal amplification.
Instead the amplification chain in the original hardware is replaced through an adapter with
an adaptable amplification 4.2, leading to a reduced overall AC signal amplification of a
factor 10 � 100 in the ”DAC” branch. This effectively brings back the signal into a range
without running into saturation of the ADC.

In flows with high free-stream velocitiy the particles within the flow move too fast to
create reliable cross-correlations for a constant sampling rate of the images. Thus, double-
images are taken, because based on the time-differences �t in section 6.2.1, a comparable
constant frequency would have to lie around 500 kHz. As a result, tracking the path of
individual flow structures is no longer feasible for PIV images, but double-images taken at
a much lower frequency can still be used to retrieve the statistics of the flow field such as
the moments of the flow-field. Through the direct comparison in chapter 5.4, the dynamical
features found in the flow were also present in the HF sensor signal. Thus, this chapter
exploits the high sampling rate of Fs = 50 kHz of the HF sensor to investigate the flow
field at Mach = 0.8. The PIV images shown in section 6.2 and 6.3 were provided from a
companion experiment also under Mach = 0.8. Besides the horizontal PIV field of view, the
laserbeam and camera were arranged to also show a horizontal PIV slice of the flow.
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6.2 Investigating streamwise structures

For this section the familiar microstructured linear sensor design from chapter 5 is used to in
investigate a backward-facing step flow field at Mach = 0.8.

6.2.1 The general PIV and HF flow field at Mach = 0.8

The general flow field is visualized by multiple double-images taken at a frequency 15 Hz
with �t = 2 µs between the two recordings as described in the companion experiment in
(Scharnowski et al. 2015). The field of view of 2560 ⇥ 2160 px

2 is evaluated by iterative
window correlation to provide a final resolution of 250 µm per pixel. Figure 6.3 (a) shows
a snapshot of the velocity field at one selected time-interval. Strong velocity changes are
visible and hint at high dynamics of the field.

On average 6.3 (b) the recirculation zone can have a strong reverse streamwise velocity
component with up to �0.2 u0 and the reversal point defines the reattachment length at
xr1 = 6.2 with respect to the step height h. Additionally, a secondary vortex in the corner
is visible from the stream-lines that defines a second streamwise velocity reversal point at
xr2 = 0.86 h.

The high dynamics of the field is also visible in the hotfilm data taken at Mach = 0.8.
The position over time with a sampling rate of 50 kHz in figure 6.4 (a) shows connected
regions, where structures move over several sensors over time. Unlike the experiment at
low velocities in 5.2, however, these regions appear not as far-stretched and regular. On the
contrary, they appear much more erratic and occur over the complete sensor array range,
which hint that the dominant dynamical structures are not restricted to the classical regular
vortex shedding as in 5.2 and can exist as close to the separation as the secondary zone.
Most of those streaks are very steep in nature within the (x, t)-plane, which corresponds to a
high group velocity of structures. However, there are also structures which cover several
sensors but do not move further downstream during their existance of several milliseconds.

In section 5.2 it was shown that the second moment as a measure of dynamics with
respect to the average can be used to characterize the reattachment length xr, where the
shear stress changes are peaking. In figure 6.4 (b) two such local peaks are visible, which
are fitted each with a Gaussian (5.3.1) after smoothing the data with the Savitzky-Golay
algorithm (Schafer 2011) with a width of xh = 2.2. One peak is located at xs1 = 5.21, while
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Figure 6.3: The graph shows an instantaneous vertical PIV field (a) and mean u-velocity at
Mach = 0.8 based on the experiment in (Scharnowski et al. 2015).

.

a second is found closer to the backward-facing step at xs2 = 0.76. The peak xs1 is close to
the reattachment-length xr1 determined from the PIV mean-field measurements, but does
not coincide with it. This was already observed to a lesser degree during the low-speed
experiments in section 5.3. associated with the reattachment length and lies closer to the
separation edge by one step-height in comparison to the PIV results in (Scharnowski et al.
2015). Analoguously to the 16% shift to smaller length xh is also the second peak with
a 12% reduced peak at xs2 compared to xr2. The peak xr2 closest to the separation edge
can be associated with the boundary length between the primary and secondary circulation
zones since the secondary zone is well visible in this experiment. The peak xr1 is associated
with the reattachment length and lies closer to the separation edge by one step-height in
comparison to the PIV results in (Scharnowski et al. 2015). This shows that the variance
of the velocity field, though similar to the wall shear stress imprint, still diverges from it
depending on the distance from the wall yh.
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Figure 6.4: Figure (a) shows the (x, t)-plane of the HF signal for several milliseconds and
graph (b) shows the variation with respect to the sensor positions xh.

.

6.2.2 The dynamics of coherent structures at Mach = 0.8

In graph 6.4 from the previous paragraph the flow field exhibited high dynamics. However,
unlike the results from low velocities 5.2 no regular pattern is visible at first glance. This
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impression is further validated by the power spectral analysis in figure 6.5. For none of
the four selected positions {xh = 0.8, 5.2, 7.6, 11.2} a strong peak is visible. Rather for
low Strouhal numbers Srh < 2 · 10

�2 the value of the PSD is the higher the closer the
sensor positions is to the step. A possible interpretation is that the energy contained by
the structures dissipates on average more the further downstream the position is from the
step. The value then drops steeply for the higher Strouhal numbers for position xh = 0.8
around the secondary recirculation length xr2. No peak is visible on the double-logarithmic
graph at approximately Sr = 0.15, which was formerly associated with the vortex shedding,
and the same is true for the other sensor-positions further downstream. At the other three
sensor positions the overall power contained in the dynamics for highly oscillatory structures
assimilates to a common value towards high Strouhal number.
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Figure 6.5: Power spectral analysis at four different sensor positions xh at Mach = 0.8.

In order to obtain a measure for the group velocity of coherent structures, several methods
have been suggested and compared in chapter 5. The detection of streaks as described in
5.4 followed by a statistical analysis such as 5.4.1 is not promising due to the relatively
high slope of the streaks, coupled with the noise level and the interference of relatively
static structures as shown in figure 6.4 (a) and described in the previous paragraph 6.2.1.
As an alternative to finding a possible group velocity is the correlation method (I) from
section 5.5.2. In figure 6.6 (a) the seed-position is at xh = 7 = Px and a region of high
correlation can be used to retrieve a slope. In this case the region boundary was a threshold
of s = 0.2. Unlike in the case of low velocities 5.16 (b), the secondary peaks are not visible,
cementing the findings from the PSD 6.5 that there are no striking regularities with respect
to the occurence of structures. A slightly increased anti-correlation is visible in the region
around the secondary recirculation upstream and further downstream, hinting at vortices as
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the originator of these structures. This is due to the following reason based on experience
from the low speed experiment in section 5.4: In figure 5.6 the vortices generated due to the
instable shear layers are always occurring in counter-rotating pairs. While the second vortex
closer to the wall loses strength more quickly, the flow-field is correlated to the first vortex.
This is also well-known from the wake behind blodies and the creation of the Kármán vortex
street (Dowling et al. 2015).

Extracting the velocities from several positions with the same method and plotting the
histogram of the resulting distribution of the group-velocity ug leads to figure 6.6 (b). Since
the extraction method became too unreliable for positions xh < 5, only those ug extracted
further downstream are taken. The resulting histogram with two fits leads to group velocities
ug1 = 0.53 u0 and ug2 = 0.4 u0. While the experiment at low velocity showed that the group
velocity increased further downstream, this is not pronounced here. The differences are
rather attributed to the slope extraction being sensitive to the noisy data and the envelope
with threshold s. Both values for ug lie in a realistic range as was already determined for
slow experiments in 5.17 (a), where also two dominant group velocities are visible for the
HF-case.

6.3 Investigating spanwise structures

Though the dynamics in streamwise direction is the driving force behind coherent structures
and is the subject of study with induced alterations such as in (Chun et al. 1996), it is
also worth to investigate the spanwise flow field in order to better understand the nature
and dimensions of the occuring coherent structures. For this purpose a 2D sensor array
with circular microstructured hotfilm-sensors was designed in order to obtain an optimal
resolution on the splitter plate surface (for details see 4.4). An instantaneous PIV velocity
field snapshot for a horizontal PIV slice at height y/h = 0.25 above the splitter plate is
shown in figure 6.7 (a) and was taken during an independent companion experiment at Mach
= 0.8 (Scharnowski et al. 2015). Relatively regular structures occur in the spanwise direction
within the recirculation zone from xh = 1 � 5. Further downstream this pattern breaks down
and becomes less distinct for the downstream moving structures. The 2D circular sensor
array was originally designed to be placed well within the reattachment zone according
to the information from (J.K. Eaton 1981) and the experiment at low velocities around
a reattachment length of xr ⇡ 7. Thus, however, missing the interesting structures in the
range xh = 1 � 5 with high correlation found closer upstream to the backward-facing step
(Scharnowski et al. 2015).
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Figure 6.6: Correlation analysis method (I) (compare 5.15) with seed located at xh = 7 for
the HF data with a slope laid through the envelope with threshold s = 0.2 is
shown in (a). Figure (b) shows the extracted group velocities ug for several such
correlation analysis.
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A contour plot of one instant of the circular HF field is shown in figure 6.7 (b). In total 8
out of 63 sensors were not functioning properly and were replaced through interpolation
with the streamwise partners. The resulting image shows that coherent structures can span
several sensors and can occur in a streakwise pattern in spanwise direction. Images taken at
a sampling rate Fs = 50 kHz are used in the following paragraphs to determine the spatial
dimensions and temporal dynamics of these structures.
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Figure 6.7: Horizontal PIV slice based on (Scharnowski et al. 2015) in figure (a) and an
instantaneous HF circular 2D array sensor response contour plot.

6.3.1 Dynamics of 2D structures

Unlike the linear microstructured hotfilm sensor, the design of the circular sensor does not
promote any directional sensitivity 4.3. As a result, spanwise oscillations - if existant -
should be more clear in the spectrum and the sensitivity in streamwise direction should be
damped with respect to the linear sensors. The reduced sensitivity should then be visible
in the power spectrum for the dominant downstream moving structures. In figure 6.8 this
is happening, when comparing the power-spectrum of a circular sensor positioned at a
downstream position of xh = 7.07 with the power spectrum taken from a linear sensor at the
very close downstream position of xh = 7. In addition, no additional peaks are visible in the
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circular PSD, which means that spanwise movement does not show any dominant regular
movement patterns in the HF power spectrum profile.
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Figure 6.8: The power spectrum of a linear HF sensor compared with a circular HF sensor
at the same distance from the separation xh ⇡ 7.

6.3.2 The stream- and spanwise size of coherent structures

In section 5.5.2 the two-point correlation was introduced as a measure to estimate the
dimension of coherent structures in the slow moving velocitiy field. This method is used
again in figure 6.9 (a) to determine the size of the 2D structures occuring in the flow with
respect to a seed sensor located at zh = 0 and xh = 6.6. It shows that the correlation is
stronger in streamwise direction than in spanwise direction. In figure 6.9 (b) the streamwise
values are approximated through a Gaussian and compared to the result of the two-point
correlation of the linear sensors at the nearest same position. It shows that the circular
sensors capture the dimensions of the size and the distance �xh encompassing a s = 0.5
threshold deduced from respective Gaussian fits is 1.8 in the linear and 1.76 in the circular
case located at zh = 0.4 and xh = 6.2. The spanwise size with a threshold bigger than
s = 0.5 can be determined with the same Gaussian fitting method to �z = 0.76. This is
smaller than the reported spanwise period of approximately 1.8 h at xh = 7 (Scharnowski
et al. 2015). This includes the positive and negative correlation, while in this case only
the positive correlation peak is considered. Additionally the threshold of the Gaussian fit
also adds an additional tolerance to the �z - value. Thus, the value of �z = 0.76 does not
contradict but falls in line with the findings in the paper (Scharnowski et al. 2015).
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6.4 The effect of different separation edges

The investigation with linear and circular microstructured hotfilm sensors showed that
coherent structures exist at high Reynolds numbers, yet no regular pattern is visible with
regards to the dynamic behavior. In an attempt to introduce a regular structure into the
flow, the separation edge was adjusted as in figure 6.2 (a) to a regular square lobe pattern.
The backward-facing step experiment was then conducted at Mach = 0.8 with sampling
frequency 50kHz for three different inserts in the linear case, with the amplitude and pitch
of the pattern increasing according to table 6.2 (b).

A direct comparison of the HF sensor signal standard deviation for each case is shown in
figure 6.10 (a). Most noticeable with respect to a disturbance-free separation edge (= case
none) is the suppression of the formerly defined reattachment peak at xr = 5.2. Instead, the
peak shifts upstream closer to the separation edge of the backward-facing step and decreases
in intensity. Moreover, the shear stress changes at around xr2 ⇡ 0.7 induced through the
secondary bubble are also suppressed. This is decreased reattachment length xr is common
for all three sizes of the separation line disturbance and also observed with a similar circular
lobe structure in (Scharnowski et al. 2015). Overall the variances are suppressed for almost
all locations xh < 6. For the largest disturbance ”sll” from table 6.2 (c) with pitch 1.6 h and
square lobe height 0.4 h the reattachment is damped the most and has moved closest to the
separation edge. The largest peak is for this case close to xh = 8, where all other inserts
pertain a similar peak and values further downstream. A suppressed peak is still visible at
the original reattachment length around xh = 5. The increased activity at these two positions
could be attributed to secondary reattachments of the flow or a rattachment length that is
more localized due to the pattern of the separation line inserts. The peak-locations from the
gaussian fits (5.3.1) in graph 6.10 (a) are summarized in the table below 6.10 (b).

From the moment-analysis in graph 6.10 four distinctive regions with peaking shear stress
activity are visible. Based on table 6.10 (b) the figure 6.11 (a-c) shows the power spectra of
three different sensor positions {xh = 2.6, 5.2, 8} for all inserts. The energy contained in
the dynamic structures is analogue to the variance greatest for no insert at the positions 5.2
and reduces with an increased pitch and amplitude of the rectangles. No distinctive peaks
are visible, indicating that the pattern in the separation line does not induce a regularity
but breaks down the energy of the forming coherent structures in general. This difference
assimilates for sensors further downstream such as the case for the sensor at xh = 8 in 6.9
(c).

Based on the moment and Fourier analysis in the preceding paragraphs the sll-case induces
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the biggest changes on the flow-field. This is why the circular sensor array is used to capture
possible effects on the size of the coherent structures. Figure 6.12 (a) and (b) show the
extracted size based on the two-point correlation analysis as was already used in figure
6.9. The extracted sizes of the structure based on a Gaussian fit and threshold s = 0.5 are
�xnone = 1.52 and �xsll = 2.25. This streamwise increase is accompanied by a spanwise
increase of the structure from �znone = 0.67 to �zsll = 0.83.

6.5 Summary

In this chapter, the flow field behind the separation was investigated with the linear and
circular hotfilm sensors in the transonic wind-tunnel. The focus was on the transonic region
at freestream velocity 0.8 Mach. The experiment was included with the comparison of three
different separation edge disturbances. The results of the general flow field investigation
are:

• The standard diviation of the HF signal was located upstream of the reattachment
length xr1 = 6.2 determined by PIV at xs1 = 5.2 and the second peak related to
the secondary bubble distance xr2 = 0.86 was at xs2 = 0.76 in section 6.2.1. This
difference indicates that the position of highest shear activity does not coincide with
the reattachment length as suggested by the experiment at slow velocities in chapter 5.

• The coherent structure analysis was used to extract group velocities, which was
determined to lie in between ug = 0.4 � 0.5 u0 in section 6.2.2.

• The power spectra in section 6.2.2 shows no dominant peak, which could be interpreted
with the dominant vortex shedding mechanism (unlike for the low velocity flow in the
preceding chapter 5). This was already hinted at from the (x, t) - image of the HF data
and the lack of a regular pattern in the coherent structure analysis.

• The two 2D circular sensor array shows spectra and two-point correlation sizes, which
are of the same shape as the linear sensor array in section 6.3.1.

• The size of coherent structures were determined to be �x = 1.52 and �z = 0.67

through the two-point correlation of the circular array in section 6.3.2.

The addition of squared lobes in the separation edge had the following effect on the
flow-field:
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• The variance of the HF signal had suppressed amplitudes and the shift of the maximum
appeared to become closer to the separation edge between xh = 1.5 � 3.5. The
suppression effect is strongest for the largest lobes with an amplitude of approximately
h and pitch of 1.6 in section 6.4.

• The suppression effect of the induced turbulances is also visible in the power spectra,
where the energy contained is less than without influence of the separation edge at the
orginal reattachment length xr = 5.2 in section 6.4.

• The size of the coherent structures obtained from the two-point correlation increases
with the use of circular lobes both in spanwise and in streamwise direction in section
6.4.

This chapter showed that hotfilm sensors can bring new insights into the dynamical
flow-field under transonic flow-conditions. The novel circular sensor array was able to
provide physically correct results. However, the limitations to high velocities due to the
great heat-generation of the 2D circular sensor array limits its use. The final summary and
outlook will provide suggestions on how to tackle these measurement-restrictions in the
future in order to extent the already vast applications of hotfilm sensors even further.
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Figure 6.9: Two-point correlation in the 2D sensor array with a seed located at Px,z = [6.6, 0]

is shown in figure (a). The graph in (b) shows the direct comparison of two-point
correlations between the linear and circular HF sensor with a seed located at the
same streamwise position, namely Px = 6.6 and Px,z = [6.2, 0.4] respectively.
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Figure 6.10: The graph in figure (a) shows the variance for several different separation line
inserts. The corresponding peak locations are summarized in the table (b)
below.
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Figure 6.11: The power spectra for three different sensors located at xr = 2.8 (a), xr = 5.2
(b), xr = 8 (c) for all the cases from table 6.2 (b). 103
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Figure 6.12: The two-point correlation of the 2D sensor for the streamwise size (a) and
spanwise size (b) for both cases from table 6.2 (c).
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Chapter 7
Summary and Outlook

The aim of this thesis is the design of microstructured hotfilm-sensor arrays and the applica-
tion in a backward facing step flow-configuration. The sensor signal is analysed through
statistical means and image processing methods. This allows to retrieve critical flow parame-
ters and the high sampling rates allow to analyse flow conditions at Mach = 0.8, where other
measurement devices are limited in sensitivity and sampling rate.

Before going into detail of the experiments performed, chapter 2 introduces the fluid
dynamical background. After a general introduction of the Navier-Stokes equations, focus
is laid on the backward-facing step flow configuration. It is chosen for its rich dynamical
features induced through the fixed separation edge and instability of the shear layer. The flow
parameters such as reattachment lenght xr are introduced and the mechanisms responsible
for the flow dynamics highlighted. Thus, the flapping phenomena and vortex shedding are
singled out as two mechanisms responsible for the generation of coherent structures.

In the subsequent chapter 3 velocity u and wall-shear stress ⌧W measurement techniques
are discussed. Among them, particle image velocimetry (PIV) for the velocity-field and
hotfilms (HF) for wall-shear stress measurements are singled out. This is due to the interest
to receive dynamical information of the flow state close to the wall, for which hotfilm sensors
with their high sampling rates and freely adaptable designs are very promising. In order to
verify the dynamical measurements and relate the flow structures to footprints at the wall,
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particle image velocimetry can supply and synchronize the measurements of the flow field
in order to allow an interpretation through the direct visual comparison.

Therefore, in chapter 4 the design and manufacturing process of the microstructured
hotfilm sensors and their geometrical placement on an array are outlined. This includes the
technical constraints, which were all exhausted during the production:

• The sensor dimensions were dictated by the hardware-restriction to 100 ⌦. The
width of the sensors were limited by the photolithographic process and the thickness
by the reactive ion beam-etching.

• The array dimensions were also restricted by the dimensions of the photolithographic
mask dimensions to an array size of 100 ⇥ 100 mm

2.

• The sensor density is determined by the wiring concept, but also influenced by the
heat-flux of the sensors. This is particularly evident for the circular hotfilm-sensor
array, which does not deliver a good signal-to-noise ratio until higher Reynolds-
numbers provide enough cooling to reduce the direct heat-influence between adjacent
sensors.

• The sensor number is restricted by the number of ADCs in the read-out hardware to
64.

In total two different sensor types with their respective sensor array were manufactured
(see 4.3 and 4.4). The first sensor design shows a preferred direction with a compromise of
minimal downstream size without oversizing the spanwise size. Thus a meander with three
parallel elements was chosen. Slight resistance deviations could be compensated through
the adjustable bridge circuit (see 4.2). The second design is circular and allows to measure
the flow dynamics with almost no directional bias.

With respect to the array design, the linear sensor array is using the linear sensors with
1.5 mm spacing. The other array consists of the circular sensors, which are used in an 9 ⇥ 7

array with 4 mm spacing at location xh = 5 � 8.2. The measurement equipment consists of
64 independent Wheatstone bridges with adjustable overheat-ratio, which are optimized for
100 ⌦ sensor resistances. In order to obtain high sensitivity and a robust signal, each bridge
is part of a constant temperature anemometer circuit. In addition, the dynamical signal
can be obtained through a combination of passive high-pass-filters and active amplifiers.
In the experiments at low Reynolds-numbers conducted in the open jet wind-tunnel as in
chapter 5, the dynamic high-pass filtered signal passed through 3 amplification stages and
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was amplified 200 times of the original signals. Each passive HP filter was set to critical
frequency fc = 140 Hz before each amplification stage. In order to to avoid saturation of
the sensor signal at high Reynolds-numbers, only a single adjustable amplifier and high-pass
filter were used before leading the signal into the ADC. A measurement program written
in ©Labview can be used to adjust the potentiometers in order to control the overheat ratio.
This is also possible for the amplification at the last of the three amplifier stages. Moreover,
a separate ©Labview program for convenient data-acquisition with adjustable sampling
frequency and signal length was written. In the high-speed experiment in chapter 6 an
external adjustable amplifier and high-pass filter was used for every channel in order to
avoid saturation of the signal. The final part 4.5 gives details on the model geometry used
for the experiments to assess the sensor performance and the sensor-array integration.

In chapter 5, the linear sensors with their respective array are used to investigate the flow
phenomena behind a backward-facing step. Simultaneously, PIV measurements capture
snapshots of the overlying 2D flow field. In order to guarantee the same time-range, the
trigger signal of the PIV camera was simultaneously recorded in the hotfilm-measurement
box. The goal of this measurement was to determine the flow-phenomena, which are visible
in the dynamic hotfilm data and interprete them with the help of the visual feedback. In the
first step in 5.3, the reattachment length xr was determined through statistical means from
the sensors, namely through the maximum of the 2nd moment, which lies at almost the same
location as the zero-velocity contour line from the PIV measurements. The variation maxima
of the flow-field are shifted slightly further downstream and this hints at different dominant
phenomena close to the wall. In the next type of the analysis in section 5.4, coherent
structures were identified within the PIV signal and tracked on their way downstreams.
Depending on the data-type, this was either a local maxima in the u-or v-velocity field
or a local minima in the �2-criterium. This was then compared to the coherent structures
visible in the (xh,t)-plane from the linear hotfilm-array. A statistical comparison of the group
velocities ug revealed that all distribution have a great overlap with �2-structures and the
HF-signal streaks leading the same value of ug = 0.45 u0 with respect to the free stream
velocity u0. Therefore, the streaks in the (x, t)-plane can be interpreted as the footprint
of downstream-moving vortices generated in the unsteady shear-layer. A group velocity
in the same range could be extracted from the correlation analysis in section 5.5.2. This
interpretation is further supplemented by comparing the frequency of the nearest neighbour
of these downstream-moving structures with the frequency spectra of the HF-data in section
5.5.1 at sensors located in the same position, which is Sr = 0.16. This frequency is also
visible in the PIV velocity field slightly above the corresponding sensors and from the
literature values close to this Strouhal number are interpreted as the vortex shedding in
a backward-facing step geometry. In upstream positions close to the mean reattachment
length, the spectra also show a low-frequency peak at Sr = 0.01 for the PIV data. This peak
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one order smaller than the vortex shedding is interpreted in the literature with the flapping
of the reattachment line. Even though this peak cannot be sensed in the HF power spectrum
due to the high-pass filter within the hardware, this frequency can be directly extracted in
section 5.5.3 from the movement of the developing position xs of the coherent streaks within
the (xh, t)-plane. This position, where coherent structures move down-stream and are first
registered on the HF (x, t) - sensor plane, also moves with the frequency corresponding to
the flapping. Thus, this shows an alternative way to obtain the flapping frequency only based
on the image processing of the sensor field response. This shows that the flapping at low
Reynolds-numbers with laminar separation is strongly connected to the vortex shedding
from the shear layer. To the authors knowledge, it is the first time that a simultaneous HF
and PIV measurement was used to analyse the dynamical structures and interprete the signal.
This includes the first-time utilization of the (x, t)-plane of hotfilm-data for measuring the
flapping frequency, vortex shedding and the group velocity of the eddies through image
analysis methods instead of integral functions.

The final chapter 6 investigates the flow-field behind a backward-facing step in the
Trisonic Windtunnel of the University of the Bundeswehr at Mach = 0.8. The variance of
the linear hotfilm sensor array exhibits two peaks in section 6.2.1. The peak close to the
separation line at xr2 = 0.86 can be associated with the separation length between primary
and secondary circulation, which has become perceivable in the sensor response at such
high velocities. The reattachment length at xr = 5.2 is slightly further upstream from the
reattachment length obtained from a companion experiment with the extrapolation to the
wall of the zero-velocity streamline in an averaged PIV measurement. This shows that the
shear stress at the wall is influenced by the complexity of the turbulent flow field at such
high velocities. This complexity is further corroborated through the power spectra analysis
in section 6.2.2, where no peak is over the whole frequency range. In particular, around
the expected vortex shedding frequency also none is visible. This dynamical randomness
and the shift of the (x, t)-field from an easily detectable streaks to more complex structures,
impedes the usage of the image analysis techniques from the low velocity field in chapter
5. However, a group velocity can still be obtained and lies in the range of the expected
ug = 0.4� 0.5 u0 from the correlation analysis in section 6.2.1 for sensors positioned xh > 6.
The slight anticorrelation also visible at a time-shift suggests that vortex shedding still
exists, yet it is overshadowed by other flow phenomena. The two-point correlation from the
2D sensor array reveals that the structure size of a sensor located behind reattachment at
position xh = 7.6 is approximately 2 h in streamwise and approximately 0.8 h in spanwise
direction. This strong correlation range is still within range of those found in a companion
experiment with PIV. The comparison of the spectral analysis and spanwise correlation of a
linear sensor with a circular sensor at a similar position revealed a comparible shape. Only
the frequency spectrum is damped since the sensivity of the circular sensor is reduced in
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spanwise direction and more averaging takes place over the area. In a final deviation of the
experiment in section 6.4, the separation edge was exchanged through inserts that induce
a saw-tooth turbulence. In total three inserts with varying amplitude {0.2 ĥ, 0.3 ĥ, 0.4 ĥ}
were used. The usage of such inserts had a very strong impact on the variance measured
along the linear HF sensors. The former peak xr2 becomes strongly suppressed and instead
the reattachment length moves further upstream with a peak in the range xr = 1.5 � 3.5.
Here, suppression is strongest for the largest insert with amplitude 0.8 h and indicates that
the underlying coherent structures are behaving less erratic. As a consequence, the power
spectra for a sensors around xh = 7 is also showing reduced amplitudes at lower frequencies
in comparison to the undeterred separation line. This also affects the size of the coherent
structures, which are slightly increased in the case of the largest insert to approximately 2.3 h

in streamwise and approximately 0.8 h in spanwise direction. To the authors knowledge this
is the first time wall-bounded 2D measurements with more than 2 downstream rows were
used for coherent structure analysis.

Dynamic data analysis for hotfilm sensors opens a window for various low-speed and
high-speed measurements. Within all those measurements, the coherent structure analysis
is applicable with varying degree of success. The more defined and confined the coherent
structures within the flow are, the easier they are traceable along the HF-sensors. While
all these experiments have shed more light on the nature of the hotfilm-signal in dynamic
environments, these measurements have also opened new issues, especially with respect
to the 2D hotfilm-array: The first point to be addressed is the choice of positioning of the
HF array. Based on other measurements from the literature and open jet wind-tunnel, the
HF array was designed with an expected reattachment around xr = 7. Since under high-
speed free-stream velocities the coherent structures footprints are very unregular around
reattachment and further downstream, it is more of interest to see how it is the case for the
disturbed separation line. Also, in general the correlations in spanwise direction are largely
overshaddowed by the streamwise structures, instead of using the circular sensor design,
the linear sensor design could also be used in a 2D configuration in order to increase the
streamwise sensitivity. This, however, would reduce the the spanwise density of the sensors.
A possible remedy could be the downscaling of the sensor size, effectively increasing
the resolution and indepence of either sensor design. In order to do so, other sensor base
materials instead of gold with higher resistances could be used for the manufacturing process.
Another option is to change the base-material and use a silicon wafer instead of a foil which
needs greater width in order to avoid short circuits. This however, has the disadvantage that
microvias to the back are not possible and the conductors have to be placed on the surface.
These benefits can also be applied to the circular sensor design, which radiated so much heat
that it was not applicable to experiments at low velocities such as in chapter 5. In order to
increase the sensor array size, either a different photoelectric mask or a completely different
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Summary and Outlook

method purpose example detrimental effects

change sensor
resistance value

R = ρ l
A

possible to decrease l

adaption of wheatstone bridge 
resistances possibly necessary

R=100Ω             R=50Ω

+
-

change in resistor
base material

R = ρ l
A

with increased ρ take 
smaller l at same R

- new manufacturing process 
possibly necessary to 
guarantee adhesion between 
sensor and base material
- thermal resistance must fit

gold ρau 

+
-

platin ρPt 

change base 
material

R = ρ l
A

smaller d within A=d h 
at decreasing l does 
not change total R

microvias possibly not
feasible

PI foil

+
-

Si wafer

+
-

+
-

+
-

increased wiring
complexity

increase sputtering
time

R = ρ l
A

reduced h within A=d h
at decreasing l does 
not change total R

- thin layer effects critical
- thin layer harder to control
2bigger expected sensor R
variancez
- rough base material has
bigger effect on sensor faults 

h=400nm

+
-

h=100nm

+
-

different mask 
2lithographyz

increase array 
dimension

possibly new lithography 
equipment necessary 

100x100 mm2 150x150 mm2

different technology
2aerosolprintingz

- increase array 
dimension
- faciliate manufacturing
process 

- new material limitation
- harder to control the
sensor resistance divergences 

100x100 mm2 150x150 mm2

decrease pad size
2microconnectorsz

greater connector pad
density  

- microconnector soldered 
connections more sensitive
- need microscope to check
successful soldering

pads connector

increase maximum 
number of sensors  

change read-out
hardware
2modular designz

increase maximum 
number of sensors  

needs proper design and testing

Figure 7.1: This table shows an overview of several methods for fine-tuning the sensor
design.

technology such as aerosol printing could be used. However, experiments with the latter one
showed a spread of over 30% around the desired resistance, which makes it impossible to
guarantee the same overheat ratio of the sensors. Therefore, the author also investigated and
suggested different hardware control circuits, especially with a flexible adjustment of the
bridge resistances. Since digital potentiometers capable to endure currents over 200 mA are
not readily commercially available, any potentiometer would most likely have to be realized
with switches such as the case with the HP-amplifier adapter. A modular concept based
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on microcontrollers seems feasible and attractive to the author, especially with respect to
up-scaling to more sensors, while still retaining high sampling rates. Up-scaling to more
sensors is also related to the maximum number of connectors on the sensor-foil/wafer to
the control circuits. In the past, the connections have been soldered to designated solder-
pads. Since this is a manual labor that requires high concentration, the author suggested
microplugs. First experiments and designs showed that this is possible and a legitimate
way to increase the number of sensors by rearranging and reducing the pad-size. All these
options are summarized and illustrated in graph 7.1. In order to understand wall-bounded
structures better, the author believes that hotfilm-sensors on 2D sensor arrays over a larger
field and better resolution can lead the way to a more thorough understanding of the nature
of the 2D structures. Moreover, the hotfilm sensors showed their capability with respect to
capturing dynamical phenomena, encouraging their usage in future actuation schemes.
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Ma, X, R Geisler, J Agocs, and A Schröder (2014). “Time-resolved tomographic PIV Investi-
gation of turbulent flow control by vortex generators on a backward-facing Step”. In: 17th
International Symposium on Applications of Laser Techniques to Fluid Mechanics,Lisbon,
Portugal.

117



Bibliography

Mayer, R, R A W M Henkes, and J L van Ingen (1998). “Quantitative infrared-thermography
for wall-shear stress measurement in laminar Flow”. In: International Journal of Heat
and Mass Transfer 41.15, pp. 2347–2356.

Munkres, J (1957). “Algorithms for the Assignment and TranspTranspor Problems”. In:
Journal of the Society for Industrial and Applied Mathematics 5.1, pp. 32–38.

Nagano, Y, M Tagawa, and T Tsuji (1993). “Effects of Adverse Pressure Gradients on
Mean Flows and Turbulence Statistics in a Boundary Layer”. In: Turbulent Shear Flows
8: Selected Papers from the Eighth International Symposium on Turbulent Shear Flows,
Munich, Germany, September 9 – 11, 1991. Ed. by F Durst, R Friedrich, B E Launder,
F W Schmidt, U Schumann, and J H Whitelaw. Berlin, Heidelberg: Springer, pp. 7–21.

Nakagawa, H and I Nezu (1987). “Experimental investigation on turbulent structure of
backward-facing step flow in an open channel”. In: Journal of Hydraulic Research 25.1,
pp. 67–88.

Nezu, I and H Nakagawa (1989). “Turbulent Structure of Backward-Facing Step Flow and
Coherent Vortex Shedding from Reattachment in Open-Channel Flows”. English. In:
Turbulent Shear Flows 6. Ed. by J C Andre, J Cousteix, F Durst, B Launder, F W Schmidt,
and J HWhitelaw. Springer, pp. 313–337.

Nitsche, W and A Brunn (2006). Strömungsmesstechnik. Springer.
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Örlü, R and P H Alfredsson (2010). “On spatial resolution issues related to time-averaged

quantities using hot-wire anemometry”. In: Exp Fluids 49.1, pp. 101–110.
Perry, A. E., S. Henbest, and M. S. Chong (1986). “A theoretical and experimental study of

wall turbulence”. In: Journal of Fluid Mechanics 165, pp. 163–199.
Pitz, R W and J W Daily (1983). “Combustion in a turbulent mixing layer formed at a

rearward-facing step”. In: AIAA Journal 21.11, pp. 1565–1570.
Plaßmann, W and D Schulz (2013). Handbuch Elektrotechnik - Grundlagen und Anwendung

für Elektrotechniker. Springer.
Prandtl, L (1933). “Neuere Ergebnisse der Turbulenzforschung”. In: Zeitschrift des Vereines

deutscher Ingenieure 7.5, pp. 105–114.
Probes for Hot-wire Anemometry (2014). Publication No.: 238-11. Dantec Dynamics. Tons-

bakken 16-18, P.O. Box 121, DK-2740 Skovlunde, Denmark.
Purtell, L P, P S Klebanoff, and F T Buckley (1981). “Turbulent boundary layer at low

Reynolds number”. In: Physics of Fluids 24.5, pp. 802–811.
Raffel, M, C E Willert, S T Wereley, and J Kompenhans (2007). Particle Image Velocimetry

- a practical guide. Springer.
Reyntjens, S and R Puers (2001). “A review of focused ion beam applications in microsystem

technology”. In: Journal of Micromechanics and Microengineering 11.4. IOP Publishing,
p. 287.

118



Bibliography

Ribeiro, M I (2004). “Gaussian probability density functions: Propertiers and error charac-
terization”. In: Institute for Systems and Robotics, Lisboa, Portugal.

Robinson, S K (1991). “Coherent motions in the turbulent boundary layer”. In: Annual
Review of Fluid Mechanics 23, pp. 601–639.

Rohsenow, W M, J P Hartnett, and Y I Cho, eds. (1998). Handbook of Heat Transfer.
McGraw Hill.

Roshko, A (1954). On the drag and shedding frequency of two-dimensional bluff bodies.
Tech. rep. National Advisory Committee for Aeronautics - Technical Note 3169.

Rott, N (1990). “Note on the History of the Reynolds Number”. In: Annual Review Fluid
Mechanic 22, pp. 1–12.

Schafer, R W (2011). “What is a Savitzky-Golay filter?” In: IEEE Signal Processing
Magazine 28.4, pp. 111–117.

Scharnowski, S, M Bitter, and C J Kähler (2014). “Investigation of a transonic separating
reattaching shear layer by means of PIV and PSP”. In: 4th International Conference on
Experimental Fluid Mechanics.

Scharnowski, S, I Bolgar, and C J Kähler (2015). “Control of the recirculation region of a
transonic backward-facing step flow using circular lobes”. In: 9th Int. Symp. on Turbulence
and Shear Flow Phenomena (TSFP 9), Melbourne,Australia.

– (2016). “Characterization of Turbulent Structures in a Transonic Backward-Facing Step
Flow”. In: Flow, Turbulence and Combustion, pp. 1–21.

Scharnowski, S and C J Kähler (2015). “Investigation of a transonic speparating reattaching
shear layer by means of PIV”. In: Theoretical and Applied Mechanics Letters 5.11, pp. 30–
34.

Schlichting, H (1979). Boundary-Layer Theory (7th edition). Ed. by J P Holman. McGraw
Hill.

Schwerter, M (2014). “Flexible hot-film anemometer arrays on curved structures for active
flow control on airplane wings”. In: Microsystem Technologies 20.4, pp. 821–829.

Shajii, J, K Y Ng, and M A Schmidt (1992). “A Microfabricated Floating-Element Shear
Stress Sensor Using Wafer-Bonding Technology”. In: IEEE J Microelectromech. Syst. 1.2,
pp. 89–94.

Sherry, M, D Lo Jacono, and J Sheridan (2010). “An experimental investigation of the
recirculation zone formed downstream of a forward facing step”. In: Journal of Wind
Engineering and Industrial Aerodynamics 98.12, pp. 888–894.

Shi, J (2005). “Rocket Engine Nozzle Side Load Transient Analysis Methodology- a Practical
Approach”. In: AiAA.

Shukla, R K and J D Eldredge (2007). “An inviscid model for vortex shedding from a
deforming body”. In: Theor. Comput. Fluid Dyn 21, pp. 343–368.

Simpson, R L (1983). “A model for the backflow mean velocity profile”. In: AIAA Journal
21.1, pp. 142–143.

119



Bibliography

Simpson, R L (1996). “Aspects of turbulent boundary separation”. In: Progress in Aerospace
Sciences 32, pp. 457–521.

Smits, A J and JP Dussauge (2006). Turbulent Shear Layers in Supersonic Flow. Springer.
Smolyakov, A V and V M Tkachenko (1983). The Measurement of Turbulent Fluctuations.

Ed. by P Bradshaw. Springer.
Sneddon, I N (1972). The use of iintegral functions. McGraw Hill.
Sorensen, J A, M H Waters, and L C Patmore (1983). “Computer Programs for Generation

and Evaluation of Near-Optimum Vertical Flight Profiles”. In: NASA Contractor Report
3688.

Spazzini, P. G., G. Iuso, M. Onorato, N. Zurlo, and G. M. Di Cicca (2001). “Unsteady
behavior of back-facing step flow”. English. In: Experiments in Fluids 30.5, pp. 551–561.

Stainback, P C and K A Nagabushana (1993). “Review of hot-wire anemometry techniques
and the range of their applicability for various flows”. In: Electronic Journal of Fluids
Engineering 167.93.

Stanislas, M, J Kompenhans, and J Westerweel, eds. (2000). Particle Image Velocimetry -
Progress towards industrial Application. Springer.

Statnikov, V, I Bolgar, S Scharnowski, M Meinke, C J Kähler, and W Schröder (2015).
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