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Preface

Creativity; finding new ways and doing things differently. Even in the highly researched
field of aerodynamics this still is the main driver for innovation. With countless concepts
of reducing aerodynamic drag already introduced thus far, it is a daunting task to look for
something new. Something better. When Leo suggested fluidic actuators as a topic for my
thesis I had never heard of these devices before, which intrigued me. These self-oscillating
fluidic devices have the ability to create a stable oscillating jet without any internal moving
parts and can be used to reduce aerodynamic drag with positive overall system efficiency. As
only little is known on the internal flow mechanics of these devices, Marios suggested using
the novel particle shadow velocimetry technique to visualize the internal flow. There I was,
having the chance to work on active flow control devices that were completely new to me
with an experimental technique that had yet to be pioneered at our department. This report
presents my findings.

As I suspect most people feel when it comes to finishing their thesis work, presenting this work
marks the end of an era for me. Starting my life as a student in aerospace engineering the good
part of a decade ago I would have never thought it would take me this long. Nevertheless, there
is not a lot I would do different in retrospect. It has been a time of learning on many levels
and in different fields of expertise, concluded with a strong focus on the field of aerodynamics.

All of this would not have been possible without the unconditional support of Liesbeth Flo-
rentie. She is the kindest and most loving person I know, while being a very skilled aerody-
namicist as well. She helped me numerous times with mathematics I simply could not solve
through the course of my study, took on the tedious task of checking my thesis work after a
full day of work and was always there to listen to my frustrations and successes. My mother
also took a fair part in the latter, while never pushing me even though she had good reasons
to. This work would also not have been possible without the outstanding support of Marios
Kotsonis, who really went above and beyond his role as a supervisor to help whenever he
could. During the experiments at the low speed laboratory I received a lot support from Leo
Molenwijk and Stefan Bernardy. It would not have been possible to fully utilize the amazing
facilities there without their help. All of the people in the aerodynamics basement also have
a part in this work, being a critical sounding board for many ideas. Marlies Hak definitely
had the biggest part in this, also being the one to suggest a numerical study before diving
into the experimental analysis.
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vi Preface

Hopefully reading this work will inspire you, like investigating the internal working mechanism
of fluidic oscillators has inspired me. Indeed they are curious devices, with their potential
still largely untapped. They deserve more. And might even become the next big thing in
aerodynamic drag reduction with a little more effort from our side.
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Introduction

The ever persisting desire to increase the efficiency of the devices that benefit our modern day
lives has not kept clear from the field of aerodynamics. With our current resources of energy
becoming ever so scarce, aerodynamic performance has become an important factor for many
applications. As a result, aerodynamic drag reduction has become a major field of research
over the last decades. Not only aircraft benefit from the increasing body of knowledge. Cars,
trucks and wind turbines for example have also become more efficient, not the least due to
aerodynamic improvements. One way of realizing a reduction in aerodynamic drag is by
delaying flow separation from the surface or preventing it entirely. This can be achieved by
re-energizing the boundary layer near the surface.

Well known means to re-energize the boundary layer are the application of vortex generators or
surface roughness. These passive actuators do not require energy input and feedback control
in order to work, at the cost of being ’always on’ control devices. Active flow control devices
have the advantage that they can be switched off and therefore do not generate additional drag
when not required. Many types of active flow control devices can be identified, with a useful
overview given by Cattafesta and Sheplak (2011). Well-known examples are plasma actuators
and steady suction and/or blowing. More recently the utilisation of oscillatory blowing was
investigated by Seifert et al. (1993). This has sparked new interest in using fluidic oscillators
as active flow control devices, sometimes in combination with boundary layer suction such as
the suction and oscillatory blowing actuator introduced by Arwatz et al. (2008b).

These fluidic oscillators have shown very promising results in reducing the aerodynamic drag
of bluff bodies (see Seifert et al. (2008) and Wilson et al. (2013)) and increasing the lift over
drag ratio of wings (Seele et al. (2009)). The properties of the oscillating flow at the exit,
such as the oscillating frequency and the amount of time the exit jet spends fully deflected
during an oscillation cycle, fully depends on the internal geometry of the fluidic oscillator.
The internal working mechanism of fluidic oscillators differs greatly between fluidic oscillator
types and has thus far been analysed for individual oscillators using numerical simulation
techniques (e.g. Gokoglu et al. (2010b) and Bobusch et al. (2013b)) and experimental flow
visualisation on enlarged geometries (e.g. Gärtlein et al. (2014)).
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Scope and objectives

Although many experiments on the external flow and application of fluidic oscillators have
been performed, visualisation of the internal flow has been limited to enlarged geometries
and numerical simulations. The internal flow of small-scale fluidic oscillators is very difficult
to visualise experimentally due to the small and complex geometries. Furthermore, a direct
comparison between different types of oscillators was still lacking. In order to expand upon
the current understanding of fluidic oscillators the problem of visualizing the internal flow
needed to be solved and tested on different fluidic oscillator types. Therefore the following
research objective was formulated:

The objective of this research is to investigate the internal flow mechanics
of small-scale fluidic oscillators in order to identify the main internal
flow characteristics and present a comparison between different fluidic
oscillator types.

The approach taken to satisfy this objective consisted of a literature review, numerical sim-
ulations and experimental flow field measurement, thereby aiming to answer the following
questions:

• How can the different fluidic oscillator types be best categorized?

• What geometries of these different types should be experimentally measured and nu-
merically simulated to obtain a meaningful comparison between types?

• What is a suitable measurement technique to perform internal flow measurements on
fluidic oscillators?

• What are the internal flow mechanics of the fluidic oscillators during an oscillation
cycle?

• How does the oscillation frequency of the different types vary with inlet flow rate?

• Do the measured and numerically simulated flow characteristics agree qualitatively and
quantitatively?

• What are the differences in internal flow mechanics, exit flow characteristics and oscil-
lation frequencies between the different fluidic oscillator types?

The remainder of this text is devoted to answering these questions, by which the main objec-
tive will be satisfied.

Structure

The discussion starts in chapter 1 with background information on the fluidic oscillators by
presenting the different types, their internal working mechanisms as understood so far and
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List of Tables 3

the investigated applications for active flow control. The different oscillator geometries that
have been numerically simulated and experimentally measured will be presented in chapter
2, followed by the numerical approach and experimental approach taken. In chapter 3
the results of the simulations and experiments are presented per fluidic oscillator type. A
comparison of the different types is shown in chapter 4, including the introduction of an
empirical model for the two-dimensional family of fluidic oscillators used for the numerical
simulations. The conclusions are presented in chapter 5, followed by recommendations for
further research in chapter 6.
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Chapter 1

Theoretical background

The application of fluidic oscillators for active flow control purposes is a relatively recent
development, meriting a review of their origins and state of the art. An introduction to
different fluidic oscillator types is presented here, including the current understanding of
their internal flow mechanics. Experimentally investigated applications of fluidic oscillators
are also discussed, clearly showing the potential of these devices. The last section of this
chapter introduces the basic concept of particle shadow velocimetry, while a more detailed
explanation of how the technique was used for the current investigation will be given in the
next chapter.

A fluidic oscillator can be defined as a device that generates a temporally oscillating jet
when supplied with fluid under pressure, as described by Gärtlein et al. (2014) for example.
All types of fluids can theoretically be used, but for the current investigation the focus will
be on fluidic oscillators using air as the working fluid. Nevertheless, some references to
measurements performed on oscillators with water as the working fluid will be made. In
order to aid the discussion the different fluidic oscillators will be classified in three different
types. Classification in types always brings the risk of a narrow minded view on the matter.
Therefore the following types are only suggested to aid in the discussion of the various working
principles, not to exclude possible combinations or alternative approaches. Designs using other
active flow control devices internally, such as piezoelectric actuators, will not be considered
here.

1.1 Bi-stable fluidic oscillators

Bi-stable fluidic oscillators make use of the Coanda-effect where flow attaches to either one
of the walls in a divergent exit nozzle or an internal chamber. By introducing a control flow
using some sort of feedback mechanism the attached flow is released and attaches to the
opposite wall. This process reverses periodically due to the feedback mechanism, resulting
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6 Theoretical background

in an oscillation of the flow as already noted by Brown (1964). Sometimes a splitter plate
is introduced at the exit, aiding the process and essentially creating two pulsing jets at the
exit. An example is the oscillator investigated by Wilson et al. (2013). The control flow and
feedback mechanism are what defines these bi-stable fluidic oscillators. Two sub-categories
will be discussed here: the double feedback loop fluidic oscillator and the single feedback loop
fluidic oscillator.

1.1.1 Double feedback loop

Probably one of the oldest designs, the concept of using two feedback loops to control a
sweeping jet was already discovered at the Harry Diamond Research Laboratories some time
mid 20thcentury as noted by Wagner (1969). The resulting fluidic oscillator has been widely
used since, mostly with liquids as the working fluid. They are still found in various applications
such as car wind-shield washers and shower heads. Because of the characteristic flow at the
exit it is frequently referred to as a ‘sweeping jet actuator’. Although being a proven concept,
only recently interest has sparked in using the actuator with air as the working fluid for
flow control purposes. Seele et al. (2009) showed promising results implementing an array of
double feedback loop oscillators on a V-22 wing for flow control purposes, after which other
applications soon followed.

A first attempt at performing a numerical analysis on the internal flow mechanics of a mi-
crofluidic bi-stable amplifier using two feedback loops can be contributed to Wagner et al.
(2002). The oscillator with a length of approximately 5.8 mm was discretized into 8 123 nodes
and simulated using the ANSYS/FLOTRAN 5.7 software package. The Reynolds averaged
Navier-Stokes equations were solved using the k − ε turbulence model. The work contains a
comparison of required supply pressures to operate the oscillator and frequency responses at
different flow rates.

A more thorough numerical analysis was performed for a range of both subsonic velocities by
Gokoglu et al. (2010b) and supersonic operating velocities by Gokoglu et al. (2010a). Their
dual feedback loop oscillator was discretized using 134 106 elements, with mesh refinements
near the walls. After a comparison of turbulence models it was found that the k − ω SST
model is best suited to simulate the internal flow, although a Reynolds stress model was
not considered. The numerical results were compared to measurements of the oscillating
frequency performed with hot-wire anemometry at the exit. An example of the initiation of
the oscillation at a Mach number of 0.3 as presented by Gokoglu et al. (2010b) can be found
in figure 1.1.

Koklu and Melton (2012) were the first to present a detailed experimental investigation of
the flow behind a double feedback loop fluidic oscillator, comparing the exit nozzle flow
field from particle image velocimetry (PIV) experiments with hot-wire anemometry (HWA)
measurements. The set-up consisted of a 1024 x 1280 pixel CCD camera equiped with a
105 mm macro lens, a Nd-Yag laser which operated at 15 Hz and 200 mJ output per pulse
and 1 µm smoke particles. Consecutive image pairs were separated by a 2 µs delay. Their
measurements showed that the jet spends most time attached to either one of the Coanda
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1.1 Bi-stable fluidic oscillators 7

Figure 1.1: Internal velocity magnitude (m/s) contours of a fluidic oscillator obtained by numer-
ical simulation as presented by Gokoglu et al. (2010b), showing the initiation of an oscillation at
M=0.3

surfaces and only little time switching from one side to the other. When increasing the mass
flow and thus the oscillating frequency, this transition time ratio also increases. Furthermore,
the oscillating jet had a spread almost 5 times greater than the non-oscillating equivalent,
thus influencing a larger area in flow control applications.

Measurements of the internal flow of a dual feedback loop fluidic oscillator have been per-
formed using water as the working fluid by Bobusch et al. (2013a) and later using air by
Gärtlein et al. (2014). The oscillator geometry was cut out of acrylic glass with a refractive
index similar to water, being the main motivation of Bobusch et al. (2013a) to use water
as the working fluid. Using random PIV snapshots in combination with proper orthogonal
decomposition ensured that the obtained phase information was accurate and not biased to-
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Figure 1.2: Schematic representation of the PIV setup as used by Gärtlein et al. (2014).

wards a dominant oscillation frequency. A similar technique was already used by Koklu and
Melton (2012) in their experiments. Ostermann et al. (2014) examined various methods of
phase-averaging the oscillating flow in order to increase the accuracy when processing the
acquired data. They found that applying an autocorrelation technique helped in identifying
the period of a reference signal, which was used by Gärtlein et al. (2014) for their internal flow
measurements in air. A schematic representation of their approach is shown in figure 1.2. The
PIV measurement data showed the formation of a recirculation bubble after separation from
the inlet. The growing bubble pushes the jet in opposite direction, until a new re-circulation
bubble is formed on the other side under influence of the feedback tube. This process repeats
itself, resulting in an oscillating flow at the exit as illustrated in figure 1.3.

1.1.2 Single feedback loop

Although very similar to the double feedback loop fluidic oscillator, the working principle using
a single feedback loop is sufficiently different to justify a separate categorization. It shares the
same origin as the double loop variant in the work of Warren at the Harry Diamond Research
Laboratories and was first investigated by Viets (1975), but seems to be less represented
in literature ever since. That is, until Arwatz et al. (2008b) introduced the suction and
oscillatory blowing actuator at the IUTAM Symposium on Flow Control and MEMS in 2008.
The suction and oscillatory blowing actuator is a combination of an ejector into a single
feedback loop fluidic oscillator. Suction holes feeding into the wake of the ejector increase
the mass flow through the oscillator, leading to a very efficient combination of suction and
oscillatory blowing when applied to an aerodynamic surface as shown by Seifert et al. (2008),
Wilson et al. (2013) and Shtendel and Seifert (2014).

Following the investigations of Arwatz et al. (2008b) a number of internal flow simulations
have been performed on the suction and oscillatory blowing actuator. A two dimensional
case was investigated by Feikema and Culley (2008), considering only the single feedback
loop oscillator using RANS with a k-ω SST turbulence model. It showed a good match
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Figure 1.3: Internal flow field and streamlines of a fluidic oscillator as experimentally measured
with PIV in air by Gärtlein et al. (2014).
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Figure 1.4: Schematic representation of the single feedback loop oscillator of which the internal
flow was visualized by Wassermann et al. (2013).

with experimentally measured frequencies. Three-dimensional flow simulations including the
ejector for suction have been performed by Kim and Moin (2014). This approach differs from
other simulations of fluidic oscillators by including a suction box and plenum to simulate
the inlet and outlet flows in addition to the internal flow. Large eddy simulation (LES)
solutions are presented using a finite volume discretization of 37 million control volumes. The
simulations showed a 27% over-prediction in maximum exit velocity compared to experiments,
but measured frequencies match closely.

The internal flow of a single feedback loop oscillator was experimentally visualized using phase-
locked three-dimensional three-component (3D3C) magnetic resonance velocimetry (MRV)
by Wassermann et al. (2013). The geometry of the oscillator is schematically visualised in
figure 1.4. The operating fluid consisted of deionized water with a Gadolinium-based contrast
agent and control ports were used to mimic the switching mechanism. They showed that the
oscillating flow can be divided into three phases: the stay phase, the detachment phase and
the attachment phase.

Using an electrical analogy for the oscillator, Arwatz et al. (2008a) also presented an analytical
frequency model. This model allows us to determine the oscillation frequency of a single
feedback loop fluidic oscillator by its dimensions and inlet flow conditions as,

f =
1

2
(
lt+2lc
a + 0.52

c

√
lc·dc
lt·dt

Qρ(lt+lc)
APc

) , (1.1)

where lt is the control tube length in m, lc the control channel length in m, Dt the control
tube diameter in m, Dc the control channel diameter in m, Q the flow rate in m3/s, ρ the air
density and a the speed of sound. c and A are empirical constants (2,7 and 0,3 respectively),
while Pc is the control pressure, defined as

Pc = 32.1Q2.

This model has been validated with experiments and works very well for the actuator dimen-
sions that have been used in the paper of Arwatz et al. (2008b), as shown in figure 1.5.
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1.2 Feedback-free fluidic oscillators 11

Figure 1.5: Inlet flow rate versus oscillation frequency for the suction and oscillatory blowing
actuator investigated by Arwatz et al. (2008b). Both modelling (lines) and experimental results
are shown

1.2 Feedback-free fluidic oscillators

Where the previous two types of fluidic oscillators both used the principle of wall attachment
due to the Coanda effect as the basis for the switching mechanism, a third type using a
different principle can be identified. This type is known as the feedback free fluidic oscillator
and basically operates by introducing two jets at a ninety degree angle to each other into
a cavity with a single exit near the collision point. The oscillation does not rely on the
attachment of the flow to a wall and requires no feedback loop, but results from the interaction
of the two jets and internal vortex structures (See Tomac and Gregory (2013)). The design
was patented in 2001 by Raghu (2001) and is shown in figure 1.6. The internal flow mechanism
was visualised by Tomac and Gregory (2013) using PIV with water as the working fluid in
a similar manner as the double feedback oscillator was measured by Bobusch et al. (2013a),
clearly showing the different vortex structures that interact to create the oscillatory motion.

Figure 1.6: Schematic drawing of a feedback-free oscillator with two inlet nozzles as patented
by Raghu (2001)
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1.3 Application of fluidic oscillators

Active flow control is a highly researched field at the moment; trying to satisfy the demand
for improved efficiency in almost every conceivable application. Fluidic actuators are mostly
used to delay or prevent boundary layer separation. The idea of delaying separation was
already born when Ludwig Prandtl suggested boundary layer suction in 1904, followed by more
than a century of research in separation control until now (see Greenblatt and Wygnanski
(2000)). While removing the boundary layer before it has the chance to develop and separate
has been shown to be effective by Boermans (2006), a more common approach to delay or
prevent separation is to add momentum to the boundary layer. Especially close to the wall,
where momentum is low, the adverse pressure gradient cannot be overcome. Thus, adding
momentum in this region will result in postponed separation. The required momentum can
be added by mixing the boundary layer with more energetic flow further from the surface,
usually realized by an early transition to turbulence (see Greenblatt and Wygnanski (2000)).
Periodic excitation of the boundary layer is a known method to initialize transition and
delay the onset of flow separation. A number of actuators producing periodic excitation can
be found in literature: the synthetic jet, pulsed jet, moving surface and more recently the
plasma actuator. More detailed overviews are given by Gad-el Hak (2013), Cattafesta and
Sheplak (2011) and Greenblatt and Wygnanski (2000). The fluidic oscillator has only recently
joined the competition, showing promising results so far.

The performance of an array of dual feedback loop fluidic oscillators was first tested in a
wind tunnel by Seele et al. (2009) on a V-22 wing. It was suggested that the oscillator
was influencing the flow much like a traditional vortex generator would. In the absence of
separation the actuation was found to be ineffective, while on the thicker V-22 wing the
actuation did influence the flow. This supports the analogy with a vortex generator and Seele
et al. (2009) concluded that separated flow is required for the actuator to be useful. With
the application on the V-22 wing an increase of the lift over drag ratio of 60% was achieved,
as illustrated in Figure 1.7.

A few years later, the effectiveness of using a similar array of dual feedback loop fluidic
oscillators to increase the side force on a vertical tail was also investigated by Seele et al.
(2012). Three rows of pressure taps were placed on a NACA 0012 airfoil with a 35% flap and
0.538 m MAC, with the actuator array placed at 5% chord of the flap. At a flap deflection
of 60% and a free stream velocity of 40 m/s flow separation occurred over the flap. With
the actuator array activated complete reattachment of the flow was observed. Furthermore,
an increase in side force of at least 50% was measured at varying velocities and actuator
momentum input. As vertical tails are dimensioned for incidents such as asymmetric thrust
scenarios, being able to increase vertical tailplane effectiveness using these actuators might
make smaller dimensions possible. In turn, this could decrease cruise drag significantly.

The flow control properties of the single feedback loop fluidic oscillator in combination with
an ejector as developed by Arwatz et al. (2008a) have also been tested on a number of
aerodynamic shapes by Seifert et al. (2008), Wilson et al. (2013) and Shtendel and Seifert
(2014). Although Sperber already investigated the use of these actuators on a cylinder for
his thesis, the first published application was to a bluff body in the shape of a large truck
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Figure 1.7: V-22 wing L/D at Re 360 000 (δf = 0 deg) actuation at 30% flap chord, with Cµ
being the actuator supply momentum coefficient, from Seele et al. (2009).

by Seifert et al. (2008). An array of actuators was placed at the upper and lower trailing
edge in an attempt to reduce the wake behind the model and thus the aerodynamic drag.
The free-stream reference velocity for the experiments was set to 25 m/s, although a range
of velocities seem to have been investigated. Considering the optimum between power input
to the actuators and their effectiveness an aerodynamic drag reduction of 6-7% was reached
with a single array of actuators. Using two arrays, one on either side of the trailer, a drag
reduction of 20% was reached. Seifert et al. (2008) claim that this should scale to at least 10%
net fuel savings on a full scale truck. Figure 1.8 shows the baseline measured drag, compared
to the drag with the individual oscillator arrays activated as well as both of them combined.

Figure 1.8: Form-drag coefficient of truck model with two oscillator arrays for different Reynolds
numbers, by Seifert et al. (2008).
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After the combination of suction and oscillatory blowing following the design of Arwatz et al.
(2008a) proved to be effective, the application to an axis-symmetric bluff body was inves-
tigated by Wilson et al. (2013). The shape was chosen to be similar to a cargo helicopter
fuselage. The base experiment was performed for a free-stream velocity of 50 m/s, corre-
sponding to a Reynolds number of 4 · 106. Comparing the results to a numerical analysis and
a reference case using only suction on the same body with varying Reynolds numbers resulted
in a large parameter space. At low flow control momentum input the drag decrease proved
to be most efficient, with an aerodynamic drag reduction around 30% leading to an overall
system efficiency increase of 10%. At high momentum input the system showed the ability to
delay separation up until the trailing edge.

Although the above gives a good indication of what might be possible using the combination
of suction and oscillatory blowing for active flow control in a practical application, perhaps the
most exhaustive experimental analysis of the actuator’s performance was made by Shtendel
and Seifert (2014). Specifically the performance of an actuator array for flow separation delay
was investigated, using transitional Reynolds number (50 000 - 250 000) flow over a cylinder.
A drag reduction of up to 60% was achieved at full actuation, which did not seem to depend
on using 7, 11 or 15 actuators in the array. The best system efficiency was found with low
momentum input, being 15% higher than without actuation.

1.4 Particle shadow velocimentry

As the internal flow visualization of fluidic oscillators using PIV seems to be limited to low
frequencies and enlarged geometries, a different approach is taken in the current investigation.
The required source light for images can be transmitted through the flat sides of the oscillator
if they are translucent, therefore particle shadow velocimetry (PSV) is a viable alternative to
traditional PIV techniques for this application. Particle shadow velocimetry is a technique
that essentially combines backlit particle illumination with traditional PIV techniques, while
a narrow depth-of-view is ensured by a high magnification factor and large aperture of the
camera lens. A particle shadow velocimetry set-up is schematically represented in figure 1.9.
As the light travels in a straight line normal to the focussed plane there should be minimal

Figure 1.9: Schematic representation of the particle shadow velocimetry set-up used by Este-
vadeordal and Goss (2005).
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refraction given a mismatch in refractive index between air and the translucent material used
for the fluidic oscillator side walls, even when curvatures are used in the internal geometry.
This eliminates the need to match the refractive index of the working fluid to the acrylic
plate material by using water as the working fluid as was done by Bobusch et al. (2013a) and
Tomac and Gregory (2013). Gärtlein et al. (2014) did perform PIV measurements on the
internal flow of a fluidic oscillator using air as the working fluid, thus having a mismatch in
refractive index. The internal geometry of the fluidic oscillator measured did not have any
curvatures as shown in figure 1.3, possibly limiting the amount of refracted laser light.

(a) PSV, not inverted (b) PSV, inverted (c) PIV

Figure 1.10: Non-inverted and inverted particle shadow velocimetry image compared to a PIV
image using side scattering as shown by Estevadeordal and Goss (2005).

The in-line backlit illumination of the particles results in images that resemble the negatives of
images normally used for PIV as shown in figure 1.10 by Estevadeordal and Goss (2005). Using
this set-up, Estevadeordal and Goss (2005) showed that PSV is indeed a realistic alternative
to traditional PIV. The light source for this kind of experiments would be a high powered
LED capable of high frequency light pulses. A number of suitable types were investigated by
Willert et al. (2010) specifically for particle image velocimetry applications. Using a custom
driving circuit the LEDs can be operated at very high currents with sub-microsecond pulse
widths. This arrangement has been shown to work for a number of interesting applications
(e.g. Willert et al. (2009), Buchmann et al. (2010) and Geoghegan et al. (2012)). Having a
light source capable of high frequency pulses in combination with a high-speed camera ensures
the ability to obtain high sampling rates, as would also be possible using traditional PIV.
Gärtlein et al. (2014) performed PIV measurements with a sampling rate of 1500 Hz on an
enlarged geometry to ensure a temporal resolution that is two orders of magnitude higher
than the main oscillation frequency, although there is no evidence to suggest that higher
oscillation frequencies can not be measured at similar sampling rates.
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Chapter 2

Approach

This chapter will introduce the fluidic oscillator geometries that have been used for the numeri-
cal simulations and experiments. Furthermore, the approach to the numerical simulations and
particle shadow velocimetry technique to visualize the internal flow of the fluidic oscillators
is discussed with the aim to clarify and justify the methodology. The method of reducing the
large quantity of data obtained from the simulations and measurements to obtain meaningful
results is discussed in the last section of this chapter.

2.1 Fluidic oscillator geometries

The geometries of the three fluidic oscillator types discussed here are chosen such that a
comparison of their internal flow characteristics can be made. Their overall dimensions are
small, as one would expect for active flow control applications. All oscillators have a total
inlet width of 3 mm, resulting in identical flow rates for given inlet velocities. Additionally,
all oscillators share the same exit nozzle geometry as shown in figure 2.1. The outer dimen-
sions of the exit were chosen such that they would certainly fit in a single frame during the
measurements to have a good reference for the oscillation cycle. The exit nozzle has a 20◦

divergence angle starting at a 4 mm wide throat with rounded edges, leading towards an
11.28 mm wide exit. During the numerical investigation another exit nozzle that is slightly
smaller was also simulated, having a 2 mm wide throat and a 9.28 mm wide exit. The results
of the latter variant will not be discussed in detail as they do not match the experimental
geometries, but are included in Appendix B. A discussion of the iterative design process that
lead to these specific shapes is included in Appendix A. All three geometries presented here
are two-dimensional. For the experiments these geometries are cut by laser out of 5 mm thick
translucent acrylic plate material, with both sides closed by another 5 mm thick acrylic plate.

The single feedback oscillator (SFO) depicted in figure 2.1 (a) is a rather simple fluidic
oscillator geometry, only connecting the walls of the inlet and exit nozzle with a feedback
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tube. It has the same operating mechanism as the flip-flop nozzle investigated by Viets
(1975). Combining this type with an ejector at the inlet would result in the suction and
oscillatory blowing actuator as presented by Arwatz et al. (2008b), although having a shorter
exit nozzle with a larger divergence angle and omitting the splitter plate. The feedback
length of the SFO was varied between 71.5 mm, 200 mm and 300 mm during the numerical
simulations by extending the loop in vertical direction. The 71.5 mm length was chosen as it
matches the total length of the two feedback loops of the double feedback oscillator discussed
below. During the experiments the feedback length was varied between 150 mm, 200 mm and
300 mm as the tube could not be bend around the oscillator for lengths much smaller than
150 mm.

Figure 2.1 (b) shows the geometry of the double feedback oscillator (DFO), having a central
mixing chamber with two feedback channels; one on either side of the chamber. The chamber
ends in a contraction followed by the diverging exit nozzle. It is essentially a smaller version
of the fluidic oscillator geometry investigated numerically by Bobusch et al. (2013b) and
experimentally by Bobusch et al. (2013a) and Gärtlein et al. (2014), although having a shorter
and thicker mixing chamber in combination with a smaller exit nozzle divergence angle.

The feedback free oscillator (FFO) shown in figure 2.1 (c) differs from the two other types
in having two inlets and no feedback circuit. The oscillation of the flow at the exit entirely
depends on the flow inside the mixing chamber, where two jets at a ninety degree angle to
each other collide. Both jets point towards a diverging exit nozzle. The general layout of this
feedback free oscillator was patented by Raghu (2001) and later investigated experimentally
by Tomac and Gregory (2013). For the experimental measurements, the single inlet nozzle
shared by all three oscillators needed to be split into two supply nozzles for the FFO as can
be seen in figure 2.4.

Figure 2.1: Numerically simulated oscillator geometries: a) single feedback oscillator, b) double
feedback oscillator and c) feedback free oscillator. Dimensions are in mm.
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oscillator type L [mm] A [mm2] mesh nodes ∆t [s] simulated flow rates q [m2/s]

SFO 71.5 318.7 65717 5 · 10−6 0.075, 0.150, 0.225, 0.300
SFO 200 704.2 114980 5 · 10−6 0.075, 0.150, 0.225, 0.300
SFO 300 1004.2 166858 5 · 10−6 0.075, 0.150, 0.225, 0.300
DFO 71.5 633.6 86486 5 · 10−6 0.075, 0.150, 0.225, 0.300
FFO - 343.0 167780 1 · 10−6 0.075, 0.150, 0.225, 0.300

Table 2.1: Overview of performed numerical simulations, with L being the feedback tube length,
A the total internal surface area and ∆t the time step size for the transient simulations

2.2 Numerical approach

In order to analyse the properties of these three different oscillator types, transient numerical
simulations have been performed on two-dimensional meshes. The unsteady Reynolds av-
eraged Navier-Stokes equations are solved using the modified Launder-Reece-Rodi Reynolds
stress turbulence model as provided in ANSYS Fluent. Implicit time stepping with fixed time
step sizes was used to ensure a high temporal resolution of the jet oscillation at the exit. The
SFO and DFO have been simulated with a time step size of 5e−6 s, while the FFO was sim-
ulated using time steps of 1e−6 s as it reaches higher oscillation frequencies. The simulations
are performed for uniform inlet velocities ranging from 25 m/s to 100 m/s, resulting in flow
rates between 0.075 m2/s and 0.3 m2/s across the 3 mm wide inlet. A full overview of the
numerical simulations that have been performed for both exit dimensions is shown in table
2.1.

Due to the complex internal geometries the SFO and DFO are discretized using unstructured
meshes that are symmetrical around the center axis, with structured refinements near the
walls. The FFO included additional structured regions within the relatively large mixing
chamber, as shown in figure 2.2. Cell face sizes were limited to a maximum of 0.1 mm for all
oscillators, resulting in the Courant number ranging from 1.25 to 5 for the chosen fixed time
steps and inlet flow rates. A fully resolved sub layer within the boundary was ensured by
choosing the near-wall mesh refinements such that the dimensionless wall distance (y+) was
always smaller than 1.
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Figure 2.2: Mesh used for the numerical simulations of the feedback free oscillator

2.3 Experimental approach

Due to the curvatures in the internal geometries of the oscillators and the difference in refrac-
tive index between perspex material and air it is very difficult to measure the oscillators using
traditional PIV techniques. The Particle shadow velocimetry (PSV) technique is suitable to
perform experimental internal flow visualisation on fluidic oscillators. With the sides of the
oscillators being flat, a light source can shine through the translucent perspex material di-
rectly into the camera lens without being refracted, as illustrated in figure 2.3. The shadows
of seeding particles travelling with the flow through the oscillators are then captured, pro-
ducing images that are essentially the inverse of what would be captured using a traditional
PIV technique.

Cornstarch particles were used for seeding because oil smoke particles cast shadows that
proved to be too small to capture, even at very high magnifications. Estevadeordal and Goss
(2005) already used this approach, with good results. However, being a natural product
these particles show a large variation in size and density. With particle diameters possibly
ranging from 10 µm to 20 µm and their density from 500 kg/m3 to 700 kg/m3 it becomes
very important to establish their worst-case flow following performance. This can be done
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Figure 2.3: Schematic representation of the particle shadow velocimetry set-up with 1) the set-
tling chamber, 2) a circular cross-section contraction, 3) a circular to rectangular cross-section
contraction 4) the LED, 5) a lens with semi-translucent sheet, 6) the fluidic oscillator and 7) the
high-speed camera. The path of the light is illustrated in green.

using the formulas presented by Mei (1996) to determine the cut-off Stokes number

εcutoff ≈
[(

3

2
√
ρ

)γ
+

(
0.932

ρ− 1.621

)γ] 1
γ

, (2.1)

and the cut-off frequency

fcutoff ≈
ν

π

(εcutoff
a

)2
. (2.2)

With a the particle radius, ν = 15 · 10−6 m2/s the kinematic viscosity of air and γ = 1.05
this results in a cut-off frequency ranging from 159 Hz to 898 Hz. These are well within the
possible operating range of the oscillators, thus limiting the measurements to lower flow rates
and corresponding oscillating frequencies. The particles are suspended in the air supply using
a cyclone seeder entrained within a pressurized box of 450 L acting as a settling chamber.
The air leaves the box through a converging nozzle leading to the 3 mm high and 5 mm deep
oscillator inlet.

A green Luminus CBT-120 high-power LED was chosen as the light source, capable of deliv-
ering 825 lm when continuously powered with an 18 A supply current. In pulsed operation
Willert et al. (2010) showed that even higher currents and corresponding luminous fluxes
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can be reached without damaging the LED. A copy of the supply circuit presented in their
paper was build and used to operate the LED at the desired sampling frequency. A LaVision
Imager pro high speed camera was used to capture the images, featuring a 2016 × 2016 pixel
CMOS sensor and a full-frame double exposure sampling rate of 635 fps. Using a 200 mm
Nikkor macro objective with extension tubes and reducing the captured frame size resulted
in an acquisition rate of 1160 Hz at a field of view of 26 mm × 18 mm. For the feedback free
oscillator the frame size was enlarged to obtain a field of view of 30 mm × 22 mm, reducing
the acquisition rate to 846 Hz.

The different fields of view required to capture the internal flow of the three fluidic oscillator
geometries are shown in figure 2.4. The DFO and FFO require multiple fields of view that
need to be stitched. The f-stop of the camera lens was set to a value of 5.6 resulting in a depth
of field of approximately 5 mm, with the intention to capture all particle shadows over the
full depth of the oscillators. 2000 image pairs were captured during each run, corresponding
to measurement times of 1.7 s (SFO and DFO) and 2.4 s (FFO). Three runs were performed
for each combination of oscillator geometry, field of view and flow condition. The run showing
the highest contrast between seeding particles and background was processed to visualize the
internal flow field.

Figure 2.4: Different fields of view for imaging the: a) single feedback oscillator, b) double
feedback oscillator, c) feedback free oscillator. Dashed lines show the field of view. Dimensions
are shown in mm.

Image pairs with a time delay of 4 µs are analysed using DaVis 8.2 (LaVision GmbH) software.
The captured images are the negative of what would be captured using conventional PIV
techniques (figure 2.5 a) and have to be inverted to facilitate the use of PIV processing
algorithms (figure 2.5 b), after which the noise floor is reduced by subtracting the minimum
of 13 consecutive image pairs (figure 2.5 c). Finally, the particle velocities are found by
cross-correlating the image pairs in multiple passes with interrogation windows decreasing
in size from 128 pixel squares to 32 pixel squares, resulting in the vector fields and velocity
contours shown in figure 2.5 (d). After processing with the proper orthogonal decomposition
technique discussed in the next section, an image as the example shown in figure 2.5 (e) can
be generated. The final images have a vector density of 8.8 vectors/mm for the SFO and
DFO and 8.7 vectors/mm for the FFO.

A test case using a 5 mm high and 5 mm wide channel was used to ensure that the tech-
nique described above would provide useful data before measuring the internal flow of fluidic
oscillators. Figure 2.6 shows one of the fully processed images at a bulk velocity of 38 m/s.
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Figure 2.5: Stages of processing the captured image pairs with PSV, with a) the raw image, b)
the inverted image, c) the image after subtracting the minimum of 13 consecutive image pairs, d)
the resulting velocity contour after correlating a pair and e) the velocity contour after processing
with POD.

The PSV technique manages to capture the internal flow surprisingly well, clearly showing
a boundary layer within the channel. The velocity profile extracted from the PSV vector
field is compared to theoretical models in figure 2.7. The velocity profile does not resemble
fully developed laminar pipe flow, but approximately matches the velocity profile modelled
with the turbulent power-law velocity equation using n = 10. Due to the short length of the
channel the flow is not fully developed.

Figure 2.6: Time-averaged flow inside a 5 mm by 5 mm square duct visualised using particle
shadow velocimetry with cornstarch particles, showing the potential of the technique

The image shown in figure 2.6 also illustrates some of the potential pitfalls when using the
PSV technique, although largely avoidable when the experiments are set-up with care. The
main issue was found to be the relatively small size of the LED compared to the measurement
area, leading to variations in illumination intensity that are not in-line with the camera. The
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errors in the velocity vectors near the left and right edges of the measurement area are a result
of this. The problem was largely solved by placing a semi-translucent (’milky’) sheet in front
of the LED, dispersing the light over a larger area at the cost of reduced luminous intensity.
Nevertheless, the outer edges of the measurement area were masked while processing the
fluidic oscillator results in order to avoid errors.

Figure 2.7: Velocity profile inside a 5 mm by 5 mm square duct as measured by PSV and defined
by theoretical models for turbulent and laminar flows.

2.4 Data analysis

Both the numerical simulations and experimental measurements resulted in a large amount
(approximately 11 TB in total) of data, which needed to be processed to present useful results.
This section explains how all the data was processed and how it will be presented for both
the numerical and experimental results, as shown in chapter 3.

2.4.1 Numerical simulation

As only the internal flow of the oscillators has been simulated, their oscillating frequencies
are determined at the nozzle exit. The position of the exit jet is determined by tracking
the peak velocity at the exit at every time step. The most outward deflections are taken as
reference points, marking the beginning, half and end of a full oscillation cycle. The oscillation
frequency is then determined by the amount of time steps passing between one most outward
deflection to the other at the same side. Internal flow visualisations are shown in the form of
velocity magnitude contours for half an oscillation cycle, divided into the oscillation phases φ
= 0, φ = π/4, φ = π/2, φ = 3π/4 and φ = π.
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Velocity contours are shown at these oscillation phases to visualize the internal flow mechanics
of the oscillators, keeping in mind that the second half of an oscillation cycle would be a mirror
image of the first. Additionally, velocities in x-direction are extracted at the exit centre, 4.26
mm above the exit centre and 4.26 mm below the exit centre. The positions are indicated
as red dots in figure 2.8, while the green dots are the probe positions for the experimental
results. The positions for the experimental measurements have been shifted away from the
exit slightly as the end of the acrylic plates casts a shadow, prohibiting the tracking of particles
across the exit. The velocities in x-direction at these positions are shown at every time step
for a number of oscillation cycles as an indication of the switching speed from one outward
deflection to the other and the amount of time the jet stays at either side before switching
back. the positions at 4.26 mm above and below the exit center have been chosen as they are
close to the diverging walls, but outside the boundary layer.

Figure 2.8: Position of shown exit velocities for both the numerical and experimental results.
Dimensions are in millimetres.

2.4.2 Particle shadow velocimetry

The calculated velocity vector fields from the particle shadow velocimetry images provide
a wealth of information, but also include a lot of noise. Proper orthogonal decomposition
(POD) has been used to decompose the velocity data to its main modes over the 2000 image
pairs taken per measurement. Only the two most dominant modes have been used to recon-
struct the images, aiming to capture most of the physical flow structures while eliminating
measurement noise. With the POD modes being based on the eigenvalues of the complete
data set, the oscillation frequencies can be extracted by a fast Fourier transform around these
eigenvalues. For each oscillator an amplitude spectrum is shown from which the frequency
has been extracted. The images of the multiple frames capturing segments of the DFO and
FFO were all taken during separate measurements with the same camera and thus needed
to be stitched during post-processing. The overlapping area of the images was determined
by hand, after which a correlating algorithm matched the best fitting images in the overlap-
ping region. As the measurements were not frequency synchronized with the oscillation the
stitched images only represent the closest match to the complete internal vector field.

Two-dimensional inlet flow rates q were extracted from the vector field by calculating the
average velocity at the 3 mm high inlet over the entire measurement range. Three dimensional
effects such as the boundary layer on the side walls have been neglected in doing so, using
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Figure 2.9: Jet position at the exit during a selected range of the SFO measurement at a 0.137
m2/s inlet flow rate

the assumption that the boundary layer on the side walls is very thin compared to the bulk
flow through the centre of the oscillator.

The velocity magnitudes in x-direction at the nozzle exit have been extracted over the entire
width of the exit nozzle just before the exit, providing a means to determine the position of the
exit jet at every frame. The jet position is defined as the location of the maximum velocity
peak in the exit velocity profile. This position can be plotted against time as illustrated
in figure 2.9, showing the jet deflection from the centre over a small portion of the entire
measurement range for the SFO at a flow rate of 0.137 m2/s. Knowing that the first occurring
most outward deflections during an oscillation cycle are phases φ = 0 (upper) and φ = π
(lower), the positions at φ = π/4, φ = π/2 and φ = 3π/4 can also be determined. If at these
positions an image pair was taken (indicated by the red crosses in the figure), they can be
used to visualize the internal flow at the specified phase of oscillation. For the SFO the first
cycle in the range shown in figure 2.9 already contains all required images. For the DFO and
FFO the images were selected from a range of different oscillation cycles to obtain the best
match, sometimes several hundreds of seconds apart.

As for the numerical results, the velocities in x-direction are shown for a portion of the entire
measurement duration at three vertical locations: at the exit centre, 4.26 mm above the exit
centre and 4.26 mm below the exit centre. The positions are shown as green dots in figure
2.8. They are not positioned exactly on the exit boundary as was done for the numerical
results since the boundary casts a shadow that prohibits the tracking of particles across it.
The 4.26 mm positions from the centre are thus closer to the diverging exit nozzle wall than
the numerical probes, but still outside the boundary layer. The periodic nature of the velocity
magnitude at the exit presents insight in the characteristics of the oscillating jet.
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Chapter 3

Results

The results obtained by numerical simulations and experimental measurements for the SFO,
DFO and FFO are presented in this chapter. Each section discusses a single oscillator type,
divided into the numerical results, experimental results and frequency dependence upon inlet
flow rate. A comparison between the three different types based on the results presented here
will be made in the next chapter.

3.1 Single feedback oscillator (SFO)

This section presents the results of the numerical and experimental internal flow investigation
of the SFO. The numerical results are discussed first, showing internal velocity contours for
half an oscillation cycle and probe velocities at the exit for a single inlet flow rate. The
experimental results also include velocity contours for half an oscillation cycle and probe
velocities at the exit, making a direct comparison possible. Finally, the variation of oscillation
frequencies for different inlet flow rates is shown.

3.1.1 Numerical results

The single feedback oscillator with a feedback tube length of 200 mm and an inlet supply
rate of 0.150 m2/s is discussed here, corresponding to an oscillation frequency of 241 Hz.
The same oscillator with different feedback tube lengths and inlet flow rates shows similar
internal flow characteristics, albeit with smaller deflections for the shortest feedback tube
length. When attached to either side of the diverging exit nozzle, the flow is bend inwards
and accelerated at the feedback tube opening as shown in figure 3.1 (a). The fluid at this
end of the feedback tube is entrained within the jet, creating a very slow flow within the
tube pushing the jet in opposite direction. The flow starts separating from the diverging wall
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Figure 3.1: Numerically determined velocity contours for the single feedback oscillator at a phase
of a) 0, b) π/4, c) π/2, d) 3π/4 and e) π

just after the nozzle throat (figure 3.1 b), until separation reaches towards the nozzle exit
(figure 3.1 c). A recirculation is formed within the separated region (figure 3.1 d) that moves
downstream with the flow. The flow then attaches to the opposite wall near the nozzle throat
first, progressing to a fully attached jet as shown in figure 3.1 (e).

Figure 3.2 shows the exit velocities in x-direction at three different locations: near the top
wall, at the center and near the bottom wall (see figure 2.8). The peak velocity remains at the
top or bottom location for a relatively long time, before switching back to the other side very
quickly. Using the terminology of Wassermann et al. (2013) the oscillator has a short stay
phase followed by a relatively long detachment phase starting with the flow separation near
the nozzle throat. This behaviour is also observed in figure 3.1, where three of the five phases
in half an oscillation cycle show the jet at one side of the exit. The attachment phase is short
as shown by the steep approaches to the maximum velocities at the outer probe positions in
figure 3.2. The sudden negative spikes in the graph show the passing of the exit jet followed
by a recirculation as captured in figure 3.1 (d) . When the jet passes through the center its
maximum velocity is just below the maximum velocity while deflected.

3.1.2 Experimental results

As only the first two modes of the POD are used to reconstruct the internal flow fields of the
single feedback oscillator it is important to analyse the amount of energy entrained within
these two modes compared to the information that is disregarded. Figure 3.21 shows both
the relative and cumulative energy entrained within the first 50 modes with a clearly visible
peak in the relative amount of energy in the first modes. Almost 24% of the total energy
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Figure 3.2: Numerically determined velocities in x-direction at the exit centre, 4.26 mm above
the exit center and 4.26 mm below the exit center of the SFO

within all 2000 modes is captured by the first two modes, leaving a relatively large amount of
noise. Although this could indicate physical flow properties being disregarded as noise, the
raw RMS velocity field of figure 3.4 (b) actually shows spots of noise with a relatively high
intensity that are not present in the RMS velocity field of figure 3.4 (c) from the reconstructed
images.

The mean velocity field of figure 3.4 (a) shows a strong jet through the exit centre, indicating
a weak oscillation with only small deviations of the jet from the centre during an oscillation
cycle. Additional evidence of this is provided by the RMS velocity contour shown in figure
3.4 (c), having two jet peaks very close to the centre resembling one wide jet.

Being the smallest of the measured fluidic oscillators, the SFO could be captured in a single
field of view. It also has the smallest internal resistance, resulting in a higher flow rate at
identical inlet pressure compared to the other oscillators discussed here. The mean two-
dimensional inlet flow rate of the measurement shown in figure 3.6 was 0.137 m2/s, neglecting
the velocity variations present in the third dimension as the depth of field is small. In
combination with a 200 mm long feedback tube this resulted in an oscillating frequency of 70
Hz as shown in the frequency amplitude spectrum of figure 3.5. Although figure 3.6 clearly
shows the self-sustained oscillating jet moving from the top a) towards the bottom e), the
flow only seems to attach to a small portion of the diverging exit nozzle just after the throat.
Attachment of the jet to these surfaces by the Coanda-effect is understood to be an essential
part of the switching mechanism as shown in the experiments by Wassermann et al. (2013).
The steep diverging angle of 20◦ is to blame for the rapid separation from the Coanda surface,
although still resulting in a stable oscillation.

The consequence of flow separation from the exit nozzle before leaving the oscillator is clearly
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Figure 3.3: Relative and cumulative energy of the first 50 POD modes for the SFO at an inlet
flow rate of 0.137 m2/s

Figure 3.4: Experimental results at the exit for the SFO at an inlet flow rate of 0.137 m2/s with
a) mean velocity contour from POD, b) RMS velocity contour from PSV vector fields and c) RMS
velocity contour from POD
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Figure 3.5: Frequency amplitude spectrum for the SFO at an inlet flow rate of 0.137 m2/s and
oscillation frequency of 70 Hz.

shown in figure 3.7, where the velocity at the exit centre is considerably higher than it is
closer to the upper and lower wall. The velocities at the top and bottom of the exit do vary
in strength at opposite phases as one would expect, becoming slightly negative when the
other reaches its maximum. This indicates a recirculation near a wall if the jet is pointing
in the opposite direction. Another observation that can be made from figure 3.7 is that
the jet remains at one side for some time before switching back to the other, as opposed
to reaching an extreme deflection and switching back immediately. This agrees with the
numerical simulation results shown in figure 3.2, even though the jet was fully attached to
the walls in that case. Contrary to the numerical simulations there seems to be a relatively
long stay phase for the measured SFO, with the detachment phase and attachment phase
taking an approximately equal amount of time. This is shown by the velocity magnitude
plots in x-direction as the decrease in velocity magnitude at an outward position starts with
a slow decline in figure 3.2, while the velocity magnitude at an outward position shows a
sudden and fast decline in figure 3.7.

3.1.3 Oscillation frequencies

Although the internal flow characteristics are only shown for a single flow rate and feedback
tube length, both the numerical simulations and experiments were performed for a range of
these variables. Figure 3.8 clearly shows a linear dependence of the oscillation frequency on
the inlet flow rate within the measured range. As one would expect the linear lines would
extend to a frequency of 0 Hz when there is no flow through the inlet. Although the trend
is similar, the deviation of the measured frequencies from the numerical simulations is quite
large with an average deviation of 28%. As the inlet flow rates of the measurements were
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Figure 3.6: Experimentally determined velocity contours for the single feedback oscillator at a
phase of a) 0, b) π/4, c) π/2, d) 3π/4 and e) π
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Figure 3.7: Experimentally determined velocities in x-direction at the exit centre, 4.26 mm above
the exit center and 4.26 mm below the exit center of the SFO.
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Figure 3.8: Frequency dependence upon inlet flow rate for the single feedback oscillator

only determined from the PSV velocity vectors the errors in this quantity are expected to
be large. Furthermore, the velocity at the inlet fluctuated slightly during the measurement,
while for the numerical simulations constant inlet velocities were assumed.

The frequency dependence upon the length of the feedback tube is shown in figure 3.9. As
the separate experimental measurements had slightly different inlet flow rates fluctuating
around 0.13 m2/s they are shown as individual points. Too little variations were tested to be
conclusive, but there seems to be an exponential decay in oscillating frequency with increasing
feedback tube length.
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Figure 3.9: Frequency dependence upon feedback tube length for the single feedback oscillator
with q being the inlet flow rate

3.2 Double feedback oscillator (DFO)

The results obtained for the DFO by numerical simulation and PSV experiments are discussed
in this section. For both the simulations and experiments internal velocity contours are
shown for a single inlet flow rate, accompanied by probe velocities at the exit. The frequency
dependence upon inlet flow rate is discussed in the last part of this section, presenting a
means to quantitatively compare the numerical and experimental results.

3.2.1 Numerical results

The double feedback oscillator shown in figure 3.10 was simulated at the same inlet flow
rate of 0.150 m2/s as the SFO discussed previously, although resulting in a lower oscillation
frequency of 110 Hz. The simulations at the other flow rates resulted in similar internal flow
fields. One of the first things that can be noticed from the figure is the increased velocity
of the jet inside the mixing chamber, reaching up to 66 m/s compared to the 50 m/s at the
inlet. While the jet at the exit has reached its top position in figure 3.10 (a), the jet in the
mixing chamber is still pointing downward. It continues to move aft and upwards during the
first four phases shown, with the jet at the exit slowly moving towards the lower position
accordingly. When the jet in the mixing chamber reaches the slant wall leading up to the
exit nozzle throat it is deflected downwards, moving the exit jet to its lower extreme outward
position in 3.10 (e). The jet inside the mixing chamber moves from one side to the other by
the influence of two main circulation regions, which are allowed to grow and move aft by the
flow flowing through the feedback loops. This mechanism was already visualized for a similar
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Figure 3.10: Numerically determined velocity contours for the double feedback oscillator at a
phase of a) 0, b) π/4, c) π/2, d) 3π/4 and e) π

geometry by means of numerical simulations by Bobusch et al. (2013b) and PIV experiments
in water by Bobusch et al. (2013a), showing very similar flow structures to what is presented
here.

The velocities in x-direction at the exit show large fluctuations while the jet is attached
to either wall of the exit nozzle, although steadily switching from one side to the other
(figure 3.11). The velocity of the jet is significantly lower when passing the exit centre, while
negative velocities near the walls opposite of the attached jet indicate recirculation regions.
Compared to the SFO, the DFO has a shorter relative switching time, spending more time of
an oscillation cycle fully attached to one side of the exit nozzle. Therefore the DFO can be
said to have a long stay phase with a short detachment phase and a very short attachment
phase. The quick attachment is enforced by the internal jet being deflected by the slant
surface leading up to the exit nozzle.

3.2.2 Experimental results

The first two modes of the proper orthogonal decomposition for the DFO at an inlet flow
rate of 0.071 m2/s entrain almost 31% of the total energy of all 2000 modes, giving a good
basis for the reconstruction of the flow field. The relative energy shown in figure 3.12 has a
strong peak for the first modes, declining rapidly to less than 1% for the remaining modes.
Only the first 50 modes are shown for clarity, with the relative energy of the remaining 1950
modes all approaching zero. The information entrained in these remaining modes accounts
for the difference between the RMS flow field of the raw images (figure 3.13 b) and the RMS
flow field of the reconstructed images (figure 3.13 c).
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Figure 3.11: Numerically determined velocities in x-direction at the exit centre, 4.26 mm above
the exit center and 4.26 mm below the exit center of the DFO
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Figure 3.12: Relative and cumulative energy of the first 50 POD modes for the DFO at an inlet
flow rate of 0.071 m2/s
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Figure 3.13: Close-up of the experimental results at the exit for the DFO with a) mean velocity
contour from POD, b) RMS velocity contour from PSV vector fields and c) RMS velocity contour
from POD

The DFO did show a strong oscillation during this measurement with the jet fully attaching
to the diverging exit walls during the oscillation cycle, as is apparent from the non-zero
mean velocity near the diverging exit walls in figure 3.13 (a). The mean velocity contour of
figure 3.13 (a) also shows a large area of influence behind the oscillator exit, which can be
favourable for flow control applications. The RMS velocity contour in figure 3.13 (c) shows
the strong jet deflection for the DFO, with a weaker influence straight from the exit centre.
An asymmetry in the intensity of the upper and lower deflection is also apparent, lacking a
physical explanation. The sharp line at the exit with no velocity information in all figures of
3.13 is caused by the shadow of the acrylic plate edge.

The internal flow of the double feedback oscillator was captured at three different fields of
view in separate measurements. These were later stitched together by correlating the overlap
between images at corresponding phases. A selected set of the resulting snapshots is shown
in figure 3.15, again representing half an oscillation cycle. These were taken with a two-
dimensional inlet flow rate of 0.071 m2/s, corresponding to an oscillation frequency of 87 Hz
as shown in the frequency amplitude spectrum of figure 3.14. There is a second smaller peak
in the frequency amplitude spectrum as well, corresponding to roughly three times the main
oscillation frequency. The internal flow of the feedback tubes was not captured, as the walls of
the tubes quickly contaminated with seeding material during the measurements. While the jet
at the exit is at its upper extreme position in figure 3.15 a), the jet inside the mixing chamber
continues to travel upward and aft up until a phase of 3π/4 shown in figure 3.15 d). Here the
internal jet hits the slant surface leading up to the exit contraction and is deflected towards
the lower extreme position at the exit. Although not as clearly shown as in the numerical
simulation results, the internal jet is pushed from one side to the other by the recirculation
that is being swept downstream inside the mixing chamber. This corresponds to the findings
on a larger scale DFO by Gärtlein et al. (2014). In its outer extreme deflections the exit jet
follows the angle of the exit nozzle, thus greater deflections might be possible by increasing the
exit nozzle divergence angle. A less obvious difference with the numerical simulations is the
widening of the jet inside the mixing chamber in figure 3.15, while the numerical simulation
results in figure 3.10 showed the jet from the inlet becoming narrower inside the mixing
chamber. This can be explained by the experimental oscillator being supplied with air under
pressure, while the numerical simulations had constant inlet velocity boundary conditions.
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Figure 3.14: Frequency amplitude spectrum for the DFO at an inlet flow rate of 0.071 m2/s and
oscillation frequency of 87 Hz

Figure 3.15: Experimentally determined velocity contours for the double feedback oscillator at a
phase of a) 0, b) π/4, c) π/2, d) 3π/4 and e) π
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Figure 3.16: Experimentally determined velocities in x-direction at the exit centre, 4.26 mm
above the exit center and 4.26 mm below the exit center of the DFO

Figure 3.16 shows the velocities in x-direction for three different vertical positions at the exit
(see figure 2.8 for the positions). When the jet is fully deflected at the exit, peak velocities
around 25 m/s are being reached near the walls. The velocity at the exit center position
slightly sways around 20 m/s in phase with the main oscillation, but does not show the
same amount of variation as the exit centre velocity of the numerical results in figure 3.11.
The DFO only shortly touches upon the outer extreme deflections and immediately begins
to travel to the opposite direction afterwards. When a maximum velocity is reached at one
side of the exit the other is always negative, indicating a strong recirculation within the exit
nozzle at the opposite side of the jet. During every oscillation cycle there are bumps in the
exit velocity profile, most clearly visible after the last peak of the bottom probe velocity in
figure 3.16. As these deviations from a clean oscillation appear approximately three times
per oscillation they could be causing the second peak in the frequency amplitude spectrum
of figure 3.14.

3.2.3 Oscillation frequencies

Although the internal flow is only shown for a single flow rate in the previous sections, the DFO
was measured and simulated at several inlet flow rates. The range spanned by the experiment
is significantly smaller than what has been simulated, as the simulations do not share the
same practical limitations such as the maximum pressure that can be handled by the settling
chamber and cyclone seeder. Similar to the results for the SFO, the frequency dependency
upon the inlet flow rate shown in figure 3.17 is a linear relation for both the experimental and
numerical results. In this case the measured frequencies of the experiments are higher than
the simulated frequencies, having an average deviation of 42%. The gradient of the frequency
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Figure 3.17: Frequency dependence upon inlet flow rate for the double feedback oscillator

dependence upon inlet flow rate of the experimental results for the DFO does correspond to
the numerical results. Furthermore, it can be noted that the experimental curve would not
pass through zero if extended to lower inlet flow rates, thus indicating a constant error in the
inlet flow rates extracted from the measurement. The indicated frequencies at the exit do
not depend upon the measured velocity magnitude and are thus more accurately determined,
which is reflected by the high and narrow peak in the frequency amplitude spectrum.

3.3 Feedback free oscillator (FFO)

The numerical and experimental results for the feedback free oscillator are presented here,
showing velocity contours and exit velocities in x-direction for both methods. The oscillation
frequencies as a function of inlet flow rates are presented in the last part of this section,
providing a means to quantitatively compare the experimental and numerical results.

3.3.1 Numerical results

The internal velocity contours for half an oscillation cycle of the feedback free oscillator
simulated at an inlet flow rate of 0.150 m2/s are shown in figure 3.18. The exit jet oscillates
at a frequency of 507 Hz, which is more than twice as high as the SFO and almost five times
as high as the DFO for the same inlet flow rate. Although the oscillating frequency is high,
the time step size of 1 · 10−6 s corresponds to roughly 2 000 time steps per oscillation. The
internal flow field of the FFO does not appear to be symmetrical during an oscillation cycle,
as opposed to the SFO and DFO where the internal flow field at φ = π is the mirror image
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Figure 3.18: Numerically determined velocity contours for the feedback free oscillator at a phase
of a) 0, b) π/4, c) π/2, d) 3π/4 and e) π

of the flow field at φ = 0. This could be an initiation effect of the oscillation in the numerical
simulations, where a fully symmetric oscillation would be obtained after more time steps. For
this reason the simulations of the FFO presented here were extended to 45 000 time steps,
whereas the simulations of the SFO and DFO only required 6 000 time steps to capture a
symmetric oscillation. Nevertheless the asymmetry is still present, with the calculation of
even more time steps being too time consuming.

Despite the asymmetry in the internal flow, the velocity profiles at the exit depicted in
figure 3.19 do show a stable oscillation. The peak velocities at both extreme deflections are
relatively high compared to the velocity of the jet when passing through the exit center, with
the asymmetry of the internal flow being reflected by a difference in exit velocity magnitude
between the top and bottom probe position. The jet does not seem to remain attached to the
diverging exit nozzle walls for long and immediately starts moving back to the other side when
reaching an extreme deflection. The exit jet thus has a very short stay phase and a relatively
long detachment phase. The attachment phase overlaps with the detachment phase, as flow
already adheres to the divergent wall near the exit throat while the remainder of the pulse
is still leaving the exit at the opposite side (see figure 3.18 c) . Because of the low center
velocity and fast switching the flow at the exit more closely resembles two pulsed jets than a
sweeping jet.

3.3.2 Experimental results

The relative energy entrained in the POD modes for the FFO at an inlet flow rate of 0.058
m2/s shown in figure 3.20 is largest for the first mode and rapidly declines for successive
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Figure 3.19: Numerically determined velocities in x-direction at the exit centre, 4.26 mm above
the exit center and 4.26 mm below the exit center of the FFO

modes. The first two modes that are used to reconstruct the flow fields contain 49% of the
total energy. The cumulative energy (figure 3.20) approaches an asymptotic value as expected,
leaving only very little energy in the 1950 modes not shown in the figure.

The mean velocity contour of figure 3.21 (a) shows the exit nozzle being fully utilized as
opposed to the SFO, although the largest amount of air exits through the centre. Being a
larger frame, the internal area in which the inlet jets move is also clearly visible. A negative
mean velocity in both corners of the mixing chamber indicates persistent circulation in these
regions. The dark blue regions in the mixing chamber for both RMS velocity contours in figure
3.21 are shadows created by the build-up of seeding material inside the mixing chamber. The
highest velocities in the RMS velocity contour (figure 3.21 c) are being reached through the
exit centre, indicating only little time spend by the jet in fully deflected position.

The internal flow of the feedback free oscillator was captured using two different fields of view
in separate measurements. The mean two-dimensional inlet flow rate was 0.058 m2/s, with
an oscillation frequency at the exit of approximately 258 Hz as it is the peak of the amplitude
spectrum shown in figure 3.22. The lower temporal resolution has resulted in a scattered
frequency amplitude spectrum, which has been filtered using Welch’s method for clarity.
The enlarged field of view required to capture this fluidic oscillator resulted in a dropped
sampling rate of 846 Hz. Combined with the relatively high oscillation frequency of 258 Hz
this essentially means that less than three images were taken during every oscillation cycle.
As the oscillation frequency is still below the Nyquist rate and the sampling frequency was not
phase-locked to the oscillation frequency, a full oscillation cycle could be reconstructed from all
2000 images over the duration of a measurement. The selected images of the different phases
shown in figure 3.23 are thus in fact taken several hundreds of seconds apart in different
oscillation cycles, showing the best correspondence to the phase of oscillation on a fitted
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Figure 3.20: Relative and cumulative energy of the first 50 POD modes for the FFO at an inlet
flow rate of 0.058 m2/s

Figure 3.21: Close-up of the experimental results at the exit for the FFO with a) mean velocity
contour from POD, b) RMS velocity contour from PSV vector fields and c) RMS velocity contour
from POD
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Figure 3.22: Frequency amplitude spectrum for the FFO at an inlet flow rate of 0.058 m2/s and
oscillation frequency of 258 Hz.

sine function. During the experiments it was noted that it took several seconds for the
FFO to reach a stable oscillation, as opposed to the SFO and DFO that started oscillating
immediately after opening the pressure valve. A similar behaviour was found during the
numerical simulations.

While the exit jet in figure 3.23 (a) is still in the top position, the jet inside the mixing
chamber coming from the top inlet has already deflected the jet originating from the bottom
inlet towards the bottom of the oscillator. As time progresses, the bottom jet regains strength
and starts pushing the top jet towards the top of the oscillator. Just when the bottom jet
becomes dominant in the mixing chamber, the exit jet has switched to the bottom side as
well. Inside the mixing chamber a large recirculation is always present in the left part near
the curved wall, although switching direction during the oscillation cycle. This differs slightly
from the flow field in this area shown by Tomac and Gregory (2013) measured in water, which
could be due to the differences in geometry. Unfortunately, build-up of seeding material on
the walls of the oscillator prevented accurate measurements of the flow in the top and bottom
corners of the oscillator and inside the inlet channels.

The low temporal resolution of the measurement means that the variation of x-velocities with
time fitted through the scarce measurement data would not provide meaningful information
on the exit flow characteristics. Therefore, the velocities in the three probe positions for
the FFO are reconstructed using the entire measurement set. This is done by slicing the
entire measurement in pieces of approximately seven oscillation cycles and determining the
dominating frequency in each slice by means of a fast Fourier transform. Slices that do
not exactly correspond to the main oscillation frequency are disregarded, leaving 40 slices
with seven oscillation cycles to reconstruct the data in this case. These data sets are then
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Figure 3.23: Experimentally determined velocity contours for the feedback free oscillator at a
phase angle of a) 0, b) π/4, c) π/2, d) 3π/4 and e) π

overlapped using the oscillation frequency. The resulting exit velocities at the probe positions
as fitted through the data are shown in figure 3.24, including a shaded RMS error over the
shown range.

Although the data shown in figure 3.24 is not conclusive, it does correspond with the numerical
results shown in figure 3.19 in having a very short stay phase. These short pulses of high
exit velocities at the most outward deflections are accompanied by a relatively constant flow
through the exit centre that does not correspond with the numerical results. The detachment
phase and attachment phase seem to be equal in duration, with negative velocities at the
opposite sides of the attached flow indicating recirculation at the exit.

3.3.3 Oscillation frequencies

The feedback free oscillator could only be measured at a single inlet flow rate due to the high
oscillating frequency at the exit, but a range of flow rates was simulated numerically. The
dependence of the oscillation frequency at the exit upon this inlet flow rate is shown in figure
3.25. Again there is a linear relation as with the SFO and DFO, albeit at a much steeper slope.
The single experimental measurement does not agree with the simulated curve, deviating from
the interpolated numerical result at the same inlet flow rate by 43.2%. Combined with the
large deviations seen for the SFO and DFO this means that the error in measured inlet flow
rate for the FFO PSV experiments is also expected to be relatively large.
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Figure 3.24: Experimentally determined velocities in x-direction reconstructed from the entire
measurement range with shaded RMS error, 4.26 mm above the exit center and 4.26 mm below
the exit center of the FFO
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Figure 3.25: Frequency dependence upon inlet flow rate for the feedback free oscillator
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Chapter 4

Comparing oscillator types

Although the results from numerical simulations and experiments for all oscillators have
already been discussed in previous chapters, a comparison of all these results was still missing.
Using the numerical and experimental results, a qualitative comparison of the internal flow
mechanics will be discussed first, followed by a quantitative comparison of the flow rates
and resulting oscillating frequencies. From this relatively large parameter range an empirical
model is derived, relating the oscillator internal surface area and inlet flow rate to an oscillation
frequency. This model is introduced in the last section of this chapter.

4.1 Internal flow mechanics

Although the internal flow mechanics differ greatly between the fluidic oscillator types dis-
cussed here, warranting their distinction, there are characteristics that can be compared when
relating them to the resulting flow at the exit nozzle. The internal flow mechanics greatly
influence the jet deflection and oscillating behaviour at the exit, but also the amount of energy
required to operate the fluidic oscillators. Although the required energy was not measured
during the experiments, the internal flow fields shown in the previous chapter were all taken
at approximately equal supply pressures. The resulting flow rates thus give an indication of
the energy lost in the internal flow, although not quantifiable with reasonable accuracy.

With the inlet and exit of the SFO being directly connected by the feedback loop openings,
there is little resistance within this oscillator. This also results in the highest flow rate
compared to the other oscillators at an identical supply pressure. Where the DFO and FFO
both have a jet from the inlet that is enclosed by a mixing chamber and another jet forming
at the exit nozzle, the inlet jet of the SFO directly flows into the exit as illustrated in figure
3.6. This means that the inlet jet of the SFO has to be deflected enough over a very small
distance to attach to either of the diverging exit walls. Although resulting in considerably
more internal resistance, the internal movement of the jet inside the DFO and FFO allows for
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Figure 4.1: Flow inside the feedback tubes at φ = π of a) the SFO and b) the DFO from
numerical simulations with an inlet flow rate of 0.150 m/s2

greater jet deflections at the identical exit. Consequently, their oscillation is stronger with a
lesser portion of the flow leaving through the exit centre as can be seen in the RMS velocity
contours of the DFO in figure 3.13 (c) and the FFO in figure 3.21 (c). The flow rate of the
FFO was lowest compared to the other types at an identical supply pressure. Having two
inlets, the supply channel had to be split in front of the oscillator resulting in additional
losses.

While the experimental results for both the DFO and FFO showed exit jets that were com-
pletely attached to one of the exit walls at full deflection (see figure 3.15 a and figure 3.23
a), the FFO only presents a relatively short pulse during an oscillation cycle compared to the
longer stay of the DFO. This difference in behaviour can be explained by the two jets inside
the FFO impinging on each other, with one jet essentially cutting the other in a small pulse
before the process reverses. In figure 3.23 (a) and (e) the exit jet has just been ‘cut‘. The jet
inside the mixing chamber of the DFO is never interrupted and is deflected towards an exit
wall by the slanted surface leading to the exit nozzle as shown in figure 3.15 (a).

The influence of the feedback tubes differs greatly between the SFO and the DFO. As the
experiments did not successfully capture the flow inside these tubes this can be best explained
by comparing the numerically calculated internal flow fields shown in figure 4.1. A first
observation is that the relative flow rate through the feedback loop is much higher for the
DFO, with only very low flow velocities through the feedback loop of the SFO at full exit jet
deflection. When looking at figure 3.1 the feedback loop of the SFO actually seems to suck
air from the exit into the oscillator under the influence of the low pressure generated inside
the feedback loop by the deflected jet. Although the flow rate inside the single feedback loop
is low, it does suffice to detach the jet from the exit nozzle wall and move it in the opposite
direction. The feedback loops of the DFO have a more complicated role in the internal flow
mechanics of the oscillator, influencing the strength and position of the recirculation inside
the mixing chamber to move the internal jet. The flow inside the feedback tube of the DFO
as shown in figure 4.1 (b) is not very smooth, possibly influencing the flow patterns inside the
main mixing chamber as well.
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Figure 4.2: Comparison of oscillation frequencies versus flow rates as obtained by the numerical
simulations

4.2 Flow rates and frequency

The relation between inlet flow rates and resulting oscillating frequencies for all three oscillator
types as obtained from the numerical simulations is shown in figure 4.2. There is a very clear
linear relation between the two quantities, although the slope varies between the oscillator
types. The FFO reaches significantly higher oscillating frequencies for identical inlet flow
rates, even when the internal surface area is higher than that of the SFO with a feedback
tube length of 71.5 mm. The frequency of the SFO can be tuned very easily for a given inlet
flow rate by changing the length of the feedback tube. Changing the width of the feedback
tube possibly has a similar effect, although not verified in the current investigation.

The DFO shows similar oscillation frequencies to the SFO when their internal surface areas
are within the same range, although the characteristics of the jet at the exit are very different.
The SFO exit jet tends to steadily remain at one extreme deflection for a large part of half
an oscillation cycle, while the exit jet of the DFO shows an unsteady extreme deflection with
a relatively long portion of half an oscillation cycle being spend switching from one side to
the other. The exit jet of the FFO also spends most time in between extreme deflections,
showing large velocity peaks when an extreme deflection is reached.

The numerically simulated frequencies of the fluidic oscillators are compared to the experi-
mental results obtained at different inlet flow rates in figure 4.3. The results for the SFO are
only shown for a tube length of 200 mm as the influence of varying the feedback tube length
was already shown in figure 4.1. The slope of the frequency response for varying inlet flow
rates agrees very well between the experiments and numerical simulations, while the relatively
large error in measured inlet flow rates is a possible explanation for the constant deviation
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Figure 4.3: Oscillating frequencies versus two-dimensional flow rates for both experimental and
numerical results of the three different oscillators. The results for the SFO with a feedback tube
length of 200 mm are shown.

from the numerical results.

4.3 Empirical modelling

Using the resulting oscillating frequencies for the parameters spanned by the numerical sim-
ulations presented here an empirical relation can be formulated to obtain the oscillation fre-
quency of a two-dimensional oscillator using air as the working fluid. The empirical relation is
based on the formulation of the Strouhal number, using an area (A) and two-dimensional flow
rate (q) instead of a characteristic length and velocity in the original equation. This differs
from the previously proposed Strouhal number independence of bi-stable fluidic oscillators as
can be found in the work of Tesa and Peszynski (2013) for example, which is based on the
main inlet width and bulk velocity. This alternative approach can be formulated as

S =
fA

nq
, (4.1)

with n being the number of inlets on the oscillator, q the two-dimensional flow rate in m2/s
and A the total surface area in m2. The calculated values of S for all simulated oscillators
are shown in table 4.1.

The values for S in the table are very close given the range of geometrical and flow rate
variables, meriting the introduction of an empirical value. Therefore equation 4.1 is rewritten
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oscillator type L [mm] A [mm2] q [m2/s] f [Hz] S

SFO 71.5 318.7 0.075 112 0.476
SFO 71.5 318.7 0.150 241 0.512
SFO 71.5 318.7 0.225 368 0.521
SFO 71.5 318.7 0.300 498 0.529
SFO 200 704.2 0.075 59 0.554
SFO 200 704.2 0.150 122 0.573
SFO 200 704.2 0.225 186 0.582
SFO 200 704.2 0.300 251 0.589
SFO 300 1004.2 0.075 44 0.589
SFO 300 1004.2 0.150 92 0.616
SFO 300 1004.2 0.225 141 0.629
SFO 300 1004.2 0.300 189 0.633
DFO 71.5 633.6 0.075 57 0.482
DFO 71.5 633.6 0.150 110 0.465
DFO 71.5 633.6 0.225 163 0.459
DFO 71.5 633.6 0.300 216 0.456
FFO - 343.0 0.075 252 0.576
FFO - 343.0 0.150 507 0.580
FFO - 343.0 0.225 748 0.570
FFO - 343.0 0.300 994 0.568

Table 4.1: Calculated values of S for the numerical results of all oscillators

to obtain an oscillation frequency

f =
nqS

A
, (4.2)

with S the empirically derived number with a value of 0.554. The value of S was chosen such
that the average error in oscillation frequency when modelling the fluidic oscillators presented
here is lowest. The predicted frequencies are compared to the frequencies obtained by the
numerical simulations in figure 4.4, showing reasonable accuracy. The average deviation from
the simulated result is 9.76%, with the best being 0.01% and the worst 17.65%. It has to be
noted that the oscillator geometries presented here were designed to be comparable and the
empirical value has not been validated for variations to the oscillator geometries presented
here or different families of oscillators. Nevertheless, the relation shows a strong interaction
between oscillator surface area, inlet flow rate and oscillating frequency that will be useful to
predict the basic properties of a fluidic oscillator.
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Figure 4.4: Empirically modelled fluidic oscillator frequencies using S = 0.544, compared to
numerical simulation results.
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Chapter 5

Conclusions

The PSV technique proved to be very effective in capturing the internal flow patterns of differ-
ent fluidic oscillator types. Using cornstarch particles as the seeding material in combination
with a high powered LED light source produced images with sufficient contrast. Although
the flow following properties of these particles do not match more traditional seeding parti-
cles such as oil smoke, they are sufficient for the relatively low flow rates and corresponding
oscillating frequencies discussed here. As seeding density was not very consistent over time
and a large amount of measurement noise was introduced by contamination of the translucent
walls and reflections it was essential to clean the transient data with the proper orthogonal
decomposition technique. Using only the two highest modes from the proper orthogonal de-
composition to reconstruct the velocity vectors provided clean images with clearly visible flow
patterns. To visualize the entire internal flow field of the DFO and FFO multiple frames were
captured during separate measurements and stitched together by looking for a best match in
the overlapping region within all reconstructed velocity contours from the measurements.

Due to its simple internal geometry the SFO showed significantly higher flow rates than the
other two oscillator types at comparable inlet pressures. A drawback of this simple switching
mechanism is the inability to deflect the jet to large angles. The DFO and FFO perform
significantly better in this aspect, having no difficulty to deflect the exit jet to the full exit
nozzle divergence angle of 20◦. The DFO additionally shows a steady transition from one
extreme deflection to the other, where the SFO tends to stick to one side for some time
and then switch relatively fast. Having a smooth transition is beneficial when a large area
behind the jet should be influenced by the oscillating flow, while fast transition resembles two
pulsating jets at an angle to each other. If the equivalent of two pulsating jets is desired at
high operational efficiencies the SFO geometry can be optimized as shown by Arwatz et al.
(2008a), having a smaller exit divergence angle with a splitter plate preventing airflow through
the centre.

Although both the SFO and DFO are bi-stable fluidic oscillators and have feedback loops,
their internal working mechanisms differ greatly. When deflected, the jet of the SFO is bend
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at the location of the feedback loop, with air moving faster on the inside of the bend. The
faster moving air results in a lower pressure at that side of the feedback tube, sucking air
from the feedback tube into the main jet. The air from the feedback loop that is entrained
in the main jet at full deflection can only be replenished by a positive flow into the feedback
loop on the other side, thus creating a cross-flow that pushes the jet in the opposite direction.
The numerical results of the DFO showed much higher velocities inside the two feedback
loops compared to the SFO at identical inlet flow rates, greatly influencing the recirculation
patterns inside the mixing chamber. As the velocities inside the feedback loop are higher, one
can conclude that its shape will have a larger influence on the behaviour of the DFO. The
relatively sharp corners in the feedback loop of the DFO presented here result in separated
flow regions inside the loop as shown in the numerical results, possibly effecting the oscillator’s
performance. The internal flow mechanics of the FFO were best visualized by the numerical
simulations, as the PSV experiments showed poor temporal resolution. Nevertheless, both
the numerical simulations and experimental measurements on the FFO show the internal jets
being cut into small pulses at the exit, with recirculation patterns inside the mixing chamber
moving the internal jets back and forth.

Numerical simulations proved to be a very efficient way of comparing the characteristics of
the three different oscillators for a relatively large parameter range, although the simulated
frequency versus flow rate curves deviate from the experimental results with approximately
40% for all oscillators. The two-dimensional numerical simulations did show similar internal
flow characteristics to the experimental visualisation. It is clear that the oscillating frequencies
increase linearly with increasing flow rates, showing no signs of reaching a limiting value within
the inspected range. A large range of oscillation frequencies can be reached for subsonic inlet
velocities by the fluidic oscillators presented here. The FFO reaches the highest oscillation
frequency for a given inlet flow rate, while the frequency of the SFO can be tuned by altering
the feedback tube length.

Based on the internal surface area, inlet flow rate and oscillation frequency an empirical
model was derived representing the family of two-dimensional oscillators presented here. The
calculated frequencies using the empirical model showed good agreement with the simulated
oscillators over the entire inlet flow rate range, with an average error in modelled frequency
of less than 10%. This raises confidence in extending the empirical model to variations of the
fluidic oscillator geometries presented here, although the influence of matched inlet and exit
nozzle dimensions might not be negligible.
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Chapter 6

Recommendations

Although interesting and valuable results have been obtained during the current investigation
into the internal flow of fluidic oscillators, there are some aspects that can be improved upon in
future research. In general, the fluidic oscillators have proven to be very robust and adaptable
during the experiments presented in this text, certainly warranting further investigations into
their operating scope and application.

6.1 Numerical simulations

• The constant uniform velocity profile provided at the inlet should be replaced by a profile
matching the boundary layers as measured during the experiments that is allowed to
fluctuate in magnitude.

• Geometrical variations to the family of oscillators presented here should be simulated to
provide a more complete scope of operating ranges and to validate the empirical model
for a larger range.

• The asymmetrical internal flow of the FFO on a fully symmetric mesh is probably not
physical and its origins should be investigated.

• A wider range of flow rates can be investigated

6.2 Experimental investigation

• The experiments fully relied on the data that can be extracted from the PSV measure-
ments. Adding pressure taps at different locations and measuring the mass flow rate
into the oscillators would reduce the margin of error in the presented data significantly.
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• The FFO was not measured at a sufficiently high temporal resolution to obtain accurate
results. Measurements at a significantly higher sampling rate would resolve this issue.

• Higher luminous intensity from the LED would increase the contrast between particle
shadows and contaminants, reducing measurement noise. The LED was not operated at
full power during the measurements, giving a possibility to further improve measurement
noise.

• The amount of seeding from the cyclone seeding device was not steady and difficult to
control. An improvement of the seeding device would result in less acquisition runs that
need to be redone.

• Using a fixed value of two modes to reconstruct the flow field from the POD for all
oscillators results in different amounts of relative energy of the captured field being
used for reconstruction. The amount of modes used should be based on the amount of
energy entrained, especially since the oscillation frequency might not be constant during
a measurement.

• Although the 450 L wooden box used as a small settling chamber worked very well,
it did slightly expand under pressure. It could be improved by further bracing or a
complete redesign.

6.3 Application for active flow control

Although the application of the fluidic oscillators was not investigated, some of the properties
presented here do translate to recommendations that could be useful when looking into the
application of these devices.

• As shown, the oscillators have the ability to operate at a wide range of frequencies.
Oscillating frequencies always translate to sound and thus noise, which might not be
acceptable for all applications. During the measurements, the lower operating frequen-
cies seemed to be produce less noise. This could be interesting to investigate.

• The exit velocity profiles largely differ between the different types of oscillators. The
different oscillator types are thus possibly suitable for different applications. Both the
operation as two pulsating jets or as a sweeping jet should be effective in controlling
boundary layer separation, although efficiency may vary. This can be investigated
experimentally by implementing a variety of fluidic oscillator geometries on an identical
aerodynamic shape.
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Appendix A

Designing the final geometries

The design iterations as performed to arrive at the final fluidic oscillator geometries are
discussed in this appendix, trying to justify the final geometries as they were used for the
numerical simulations and experimental measurements. The single feedback loop oscillator is
discussed first, followed by the design process for the double feedback oscillator and feedback
free oscillator.

The single feedback oscillator was the first two-dimensional geometry that was created during
the current investigation, largely based on the single feedback oscillator used by Arwatz et al.
(2008a) in combination with an ejector to form the suction and oscillatory blowing oscillator.
This first geometry had a relatively long exit nozzle with a splitter plate and a divergence
angle of 12◦. There was a large chamber behind the oscillator in order to capture the exit
flow, which proved to increase the computational time significantly. As the focus is on the
internal flow of the fluidic oscillators the chamber was omitted for all following geometries.
Making the feedback loop shorter and wider provided a more realistic dimension considering
the tubes that could be used as feedback loops in experiments, resulting in a new version of
single feedback oscillator.

The last considerable change in the geometry was focussed on the exit nozzle, omitting the
splitter plate and giving it a larger divergence angle of 20◦with a 6 mm nozzle throat width.
This was mainly done because the splitter influenced the exit flow field, making it less obvious
what the contribution of the internal flow mechanics is. The larger divergence angle gives
larger deviations of the exit jet position, making it easier to track its movement. The geometry
of the throat was later rounded and varied in width between 2 mm and 6 mm. All oscillators
performed well in the numerical simulations with an exit throat width of 4 mm, which was
therefore chosen as the common exit geometry for the simulations and experiments. The
feedback loop length was matched to the total length of the feedback loops of the DFO and
later varied to include simulations with a feedback loop length of 200 mm and 300 mm as
measured during the experiments.
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62 Designing the final geometries

Taking the design as presented by Gärtlein et al. (2014) as the starting point and working on
the same scale as the first designs of the single feedback oscillator meant less design iterations
were needed to arrive at the final double feedback oscillator geometry. The feedback loop
corners were rounded as suggested by Bobusch et al. (2013b) and the exit nozzle dimensions
were taken to match the SFO.

It took a bit more effort to arrive at a suitable geometry for the feedback free oscillator,
especially since it was very hard to find a geometry that oscillates at all. It turns out that
it takes a lot longer for the FFO to initialize a sustained oscillation compared to the SFO
and DFO, which might also explain earlier designs being disregarded as not working properly.
During this process, especially the exit nozzle was changed a lot. Varying from a slit to a
straight exit nozzle with multiple opening dimensions to finally arrive at the shared diverging
exit nozzle for all oscillators. As the oscillation depends on the interaction of the two jets
inside the mixing chamber, care was taken to ensure a structured and refined mesh in this
region to keep the Courant number low.
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Appendix B

Overview of numerical simulations

h [mm] L [mm] q [m2/s] timesteps dt [s] f [Hz]

4 71.5 0.075 6000 5 · 10−6 112
4 71.5 0.150 6000 5 · 10−6 241
4 71.5 0.225 6000 5 · 10−6 368
4 71.5 0.300 6000 5 · 10−6 498
2 71.5 0.075 6000 5 · 10−6 does not oscillate
2 71.5 0.150 6000 5 · 10−6 does not oscillate
2 71.5 0.225 6000 5 · 10−6 does not oscillate
2 71.5 0.300 6000 5 · 10−6 does not oscillate
4 200 0.075 8865 5 · 10−6 59
4 200 0.150 6000 5 · 10−6 122
4 200 0.225 6000 5 · 10−6 186
4 200 0.300 6000 5 · 10−6 254
4 300 0.075 10000 5 · 10−6 44
4 300 0.150 9690 5 · 10−6 92
4 300 0.225 6000 5 · 10−6 141
4 300 0.300 6000 5 · 10−6 189

Table B.1: Simulation results for the SFO with h the exit throat width, L the feedback tube
length, q the inlet flow rate and f the oscillation frequency.
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64 Overview of numerical simulations

h [mm] L [mm] q [m2/s] timesteps dt [s] f [Hz]

2 71.5 0.075 6000 5 · 10−6 65
2 71.5 0.150 6000 5 · 10−6 117
2 71.5 0.225 6000 5 · 10−6 171
2 71.5 0.300 6000 5 · 10−6 226
4 71.5 0.075 6000 5 · 10−6 57
4 71.5 0.150 6000 5 · 10−6 110
4 71.5 0.225 6000 5 · 10−6 163
4 71.5 0.300 6000 5 · 10−6 216

Table B.2: Simulation results for the DFO with h the exit throat width, L the feedback tube
length, q the inlet flow rate and f the oscillation frequency.

h [mm] q [m2/s] timesteps dt [s] f [Hz]

2 0.075 6000 5 · 10−6 246
2 0.150 6000 5 · 10−6 448
2 0.225 6000 5 · 10−6 631
2 0.300 6000 5 · 10−6 846
4 0.075 50000 1 · 10−6 252
4 0.150 30000 1 · 10−6 507
4 0.225 25000 1 · 10−6 748
4 0.300 25000 1 · 10−6 994

Table B.3: Simulation results for the FFO with h the exit throat width, q the inlet flow rate and
f the oscillation frequency.
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Appendix C

Overview of PSV eperiments

Although each combination of fluidic oscillator geometry and captured frame was measured at
least three times, the tables below only list the measurements that have been used to extract
the data that has been presented in the previous chapters. Nevertheless, the corresponding
file names are also included for future referencing of the data.

q [m2/s] f [Hz] frame L [mm] Samp. Rate [Hz] dt [µs] file name

0.137 70 centre 200 1160 4 150811-133558
0.208 130 centre 200 1160 4 150811-161833
0.089 52 centre 200 1160 4 150811-172441
0.125 56 centre 300 1160 4 150811-181908
0.135 84 centre 150 1160 4 150812-133302

Table C.1: Overview of PSV experiments on the SFO

q [m2/s] f [Hz] frame L [mm] Samp. Rate [Hz] dt [µs] file name

0.071 97 inlet 71.5 1160 4 150803-173749
0.071 97 centre 71.5 1160 4 150803-182311
0.071 97 exit 71.5 1160 4 150803-190043
0.095 110 exit 71.5 1160 4 150805-105947
0.095 110 centre 71.5 1160 4 150805-113822
0.095 110 inlet 71.5 1160 4 150805-130542
40 78 inlet 71.5 1160 6 150806-112552
40 78 centre 71.5 1160 6 150806-115224
40 78 exit 71.5 1160 6 150806-123438

Table C.2: Overview of PSV experiments on the DFO
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q [m2/s] f [Hz] frame L [mm] Samp. Rate [Hz] dt [µs] file name

0.058 258 centre - 846 4 150817-122334
0.058 258 inlet - 846 4 150817-140243

Table C.3: Overview of PSV experiments on the FFO
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