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Abstract

This work explores the adaptation of Active Flow Control (AFC) technology
from aerodynamic applications to maritime environments, focusing specifically
on enhancing the performance of ship rudders. The primary objective is to
reduce drag and improve maneuverability through the strategic manipulation of
flow fields using fluidic oscillators. These devices, which generate periodic jets
without any moving parts, have been extensively studied in aerodynamics but
remain underexplored in maritime contexts.

The research is structured into three main phases. The first phase involves
the analysis of computational fluid dynamics (CFD) data of a fluidic oscilla-
tor to understand the pressure-jet deflection relationship. The second phase
comprises experimental investigations of a water-based oscillator, leading to a
novel modeling approach based on the FitzHugh-Nagumo system of equations.
The final phase focuses on applying the optimized oscillator design to a ship
rudder model and conducting comprehensive experimentation to evaluate its
performance.

Using the FitzHugh-Nagumo model for interpreting the oscillator mechanism
led to numerous insights and a new modeling approach, highlighting the complex
flow physics at work in this seemingly simple geometry. Key findings of the
rudder experiments include the successful demonstration of fluidic oscillators in
delaying flow separation on ship rudders, thus potentially enhancing maneuver-
ability and reducing fuel consumption. This research highlights the potential
of AFC technology in maritime applications, offering a pathway to significant
environmental and operational benefits in the shipping industry.
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1 Introduction

1.1 Background and State of the Art

In recent years, the significance of ecological and economic considerations in
applied fluid mechanics research has been amplified. This is primarily due to
the global imperative to reduce fuel consumption across all vehicle types, a key
strategy in mitigating greenhouse gas emissions and combating global warming.
Within this context, the field of fluid mechanics is tasked with the challenge of
devising more efficient lift and control surfaces, and flow-exposed geometries in
general. This is because a reduction in drag directly corresponds to a decrease
in fuel consumption.

Active Flow Control (AFC) presents a promising solution to the demand for
enhanced efficiency, while simultaneously reducing the cost and complexity of
the components involved. The theoretical groundwork for AFC was laid by
Prandtl [1] through his seminal boundary layer suction experiments. Subsequent
research in this domain has primarily focused on aerodynamic applications, with
the most advanced experiment to date involving the application of separation
control to the vertical tail of the Boeing 777 Ecodemonstrator [2, 3].

Particularly, AFC refers to the strategic manipulation of the flow field to
achieve desired effects by applying external energy sources (in contrast to Passive
flow control, which does not require additional energy). The desired effects are
achieved by modifying the boundary layer — the thin region of fluid near a
surface where viscosity effects are significant. AFC using pulsed fluid jets has
become a well—established and highly researched technique in aerodynamics.
By using devices such as fluidic oscillators, which generate periodic jets of
fluid, AFC can dynamically influence the structure of the flow using small,
controlled disturbances that interact with the boundary layer, enhancing mixing,
and creating stable or unstable vortices. Consequently, AFC can delay flow
separation, reduce drag, or enhance lift, leading to more efficient and effective
control over the fluid dynamic properties of various surfaces, such as aircraft
wings and control surfaces, thereby improving overall performance and energy
efficiency.

A fluidic oscillator, as depicted in Figure 1.1, is a device designed to transform
a steady input flow into an oscillatory output using fluid dynamic principles
without any moving parts. Pioneering work by Spyropoulos [4], Viets [5], and
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Figure 1.1: Fluidic oscillator schematic.

others in the 1960s and 1970s laid the groundwork for understanding these
devices’ dynamic behavior. These devices exploit the Coanda effect, where a
jet flow attaches to a nearby surface, and feedback mechanisms to create self-
sustained oscillations. The basic design consists of an inlet nozzle directing fluid
into a chamber with diverging walls and control ports connected by feedback
tubes. The jet alternates between the walls, creating a periodic switching of
the flow direction. The fluidic oscillator’s simplicity, reliability, and ability to
operate without moving components make it an effective actuator for AFC
systems.

Despite their widespread use, the exact mechanisms behind fluidic oscillations
remain a topic of discussion, with various theories proposed over the years and
considerable effort dedicated into understanding the oscillation mechanism, with
particular focus on the sweeping jet oscillator (e.g.[6-10]).

Like airplane control surfaces, ship rudders and other hydrodynamic control
surfaces experience flow separation, which restricts the maximum steering forces
and, consequently, the maneuverability of the vessel. Furthermore, conventional
rudders are designed to provide lift forces and withstand loads that occur only
for brief durations, such as during harbor maneuvers. Most of the time, the
ship’s rudder is deflected at small Angles of Attack (AoA) [11]. Despite this,
drag is generated continuously as long as the ship is in motion, a scenario akin
to the vertical tail of commercial aircraft where AFC has been successfully
implemented [2, 3]. Despite these parallels, research on AFC in a maritime
context, utilizing traditional actuation techniques, has been relatively sparse [12—-
17]. Constant blowing techniques employing the Coanda effect were investigated
on flapped rudders and horn-type rudders. These investigations were conducted



at low Reynolds numbers, used small scale models and mostly investigated the
properties of the infinite foil using endplates. Pulsed or oscillatory blowing, the
state-of-the-art methods of aerodynamic AFC, have not been applied so far for
realistic ship rudder geometries at relevant Reynolds numbers.

The state-of-the-art in flow performance improvement devices for commercial
shipping primarily revolves around passive control methods and mechanical
modifications aimed at reducing drag and enhancing efficiency. These include
optimized hull designs, bulbous bows, and various appendages like fins and ducts
to improve hydrodynamic flow. Additionally, the use of air lubrication systems,
which create a layer of microbubbles along the hull, has been explored to reduce
frictional resistance. The maritime sector has largely overlooked AFC, possibly
due to the complexity of applying such techniques in the highly turbulent and
variable marine environment. The potential for AFC to significantly enhance ship
rudder performance by delaying flow separation and increasing maneuverability
presents a compelling case for its adoption, offering the possibility of substantial
improvements in fuel efficiency and emissions reduction.

However, applying AFC to marine environments poses unique challenges. Ship
rudders operate under highly inhomogeneous flow conditions, influenced by the
wake of the hull and the propeller slipstream. The hydrodynamic performance of
rudders is often limited by flow separation at high angles of attack, which reduces
steering efficiency and increases drag. Previous studies on rudder performance
have primarily focused on constant blowing techniques and low Reynolds number
experiments, with limited exploration of AFC in non-applicable settings.

1.2 Motivation and Outline

The motivation for this research was to bridge the gap between the established
use of AFC in aerodynamics and its potential application in marine environments,
specifically on ship rudders. By understanding the oscillation mechanism in
fluidic oscillators and designing an effective water-based oscillator, it became
possible to explore the benefits of AFC for ship rudders. The ultimate goal was
to propose a method enhance the efficiency and maneuverability of ship rudders,
thereby reducing fuel consumption and environmental impact in the shipping
industry.

This thesis is structured around three main phases, each representing a
significant milestone in this journey. The first phase involved the analysis of
CFD data of fluidic oscillators to identify the relationship between pressure
difference and jet deflection. The second phase consisted of experimental
investigations of a water-based oscillator, leading to a new modeling approach of
the flow physics involved in the self-sustained oscillations of this device, based on



the FitzHugh Nagumo system of equations. The final phase focused on applying
the optimized oscillator design to a ship rudder model and conducting extensive
tests to evaluate its performance.

Through these phases, the research aimed to advance the understanding and
application of AFC in marine environments, offering potential solutions for
improving ship rudder performance. The findings from this research could pave
the way for further innovations in maritime AFC technology, contributing to
the broader goal of reducing fuel consumption and environmental impact in the
shipping industry. The conducted research has been published in three journal
publications as listed in Table 1.1.

Publication I M. Fromm, J. Kim, A. Seifert, J. Kriegseis, and S. Grund-
mann, Flow patterns of self-sustained oscillations in
fluidic diverters, AIAA Journal 60, 4207 (2022). DOL:
10.2514/1.J061280.

Publication II M. Fromm, S. Grundmann and A. Seifert, Fluidic
FitzHugh-Nagumo oscillator, Physics of Fluids, 37.2,
027115 (2025). DOI: 10.1063/5.0250615.

Publication III M. Fromm, T. Bestier, S. Briins, F. Kluwe, A. Hylla, F.
Matin, A. Seifert, and S. Grundmann. Active flow control

applied to a ship rudder model, Ship Technology Research,
71.1, (2024). DOI: 10.1080,/09377255.2023.2275373.

Table 1.1: List of Publications

Various types of oscillators have been reported to be compatible with water
[18-20] and have been used to investigate aerodynamic issues using water tanks.
In this work, a fluidic oscillator design based on the fluid amplifier principle
was chosen (as depicted in Fig.1.1). However, it has been observed that the
performance of the oscillator is sensitive to the density and viscosity of the
operating fluid [21], and initial experiments of the author with fluidic oscillators
in water faced significant challenges. The oscillators often failed to produce
oscillations or resulted in one-sided outputs, demonstrating that the design
principles established for air-based oscillators could not be directly applied to
water, and crucial clues in the understanding of the oscillator are still missing.
This prompted a deeper investigation into the oscillation mechanisms to design
a successful water-based oscillator.

A significant challenge however in studying air-operated fluidic oscillators
experimentally is their operation under high flow velocities and oscillation
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frequencies, which complicates data acquisition of any type. To overcome this,
a comprehensive analysis of available computational fluid dynamics (CFD) data
was conducted. This analysis, presented in the first paper, revealed that the
pressure difference across the control ports is linked with jet deflection, while
the flow in the feedback tube acts as a secondary mode that influences this
pressure difference and jet deflection.

Building on these insights, a detailed experiment was designed using a water
oscillator, which provided optical access for Particle Image Velocimetry (PIV)
and Laser Doppler Anemometry (LDA), along with pressure taps on the control
ports. This experiment, detailed in the second paper, showed that the waveform
of pressure and feedback tube flow resembled variables of the FitzHugh-Nagumo
system of equations, a model used in the study of excitable systems. This
discovery allowed for a more informed approach to designing a water-based
oscillator that operates as intended.

The FitzHugh-Nagumo (FHN) system is a mathematical model originally
developed to describe the electrical activity of excitable cells, such as neurons
and cardiac cells. It captures the essential features of excitability and refractory
behavior using a set of nonlinear differential equations. In the context of this
thesis, the FHN system’s relevance emerged during the experimental investigation
of the water-based fluidic oscillator. The experiment, detailed in the second
paper, revealed that the pressure and feedback tube flow waveforms closely
resembled the variables of the FHN system. This similarity provided a new
perspective on understanding the oscillation mechanisms within fluidic oscillators.
The FHN model, with its well-defined excitable dynamics, offered a framework for
interpreting the observed oscillatory behavior in the fluidic system. By drawing
parallels between the fluidic oscillator’s dynamics and the FHN system, it was
possible to gain deeper insights into the pressure-driven switching mechanism
and the role of feedback flow. This understanding was crucial for designing an
oscillator that operates effectively in water, as it highlighted the key parameters
and their interactions that govern the oscillatory behavior. These findings not
only advanced the fundamental understanding of this fluidic oscillator, but also
provided practical guidelines for optimizing their design for marine applications,
contributing significantly to the overall goals of the thesis.

Armed with a better understanding of the physical connection between pres-
sure difference and feedback tube flow, the next step was to apply this newly
designed oscillator to a ship rudder model and conduct extensive tests to charac-
terize its performance. These experiments, described in the third paper, utilized
underwater PIV, force measurements, and advanced analysis techniques to eval-
uate the AFC system’s effectiveness in delaying flow separation and enhancing
rudder performance.



2 Introduction to Flow Control

The current design strategies for vehicles are predominantly based on the
assumption of time-independent, steady-attached flow around and within the
vehicle’s body. The geometries and systems derived from this principle function
effectively, yet they are not without their drawbacks. These strategies often
result in conservative designs that are inherently energy-inefficient, heavy, and
consequently, costly to manufacture and operate.

In reality, flows are inherently unsteady and eventually become turbulent.
The inability to accurately predict highly unsteady turbulent flows remains one
of the most significant unresolved scientific questions to date. However, it is
important to note that unsteady flows, and turbulence in particular, are not
always disadvantageous. As demonstrated by Wygnanski [22| and Oster and
Wygnanski [23] in the 1970s, artificially induced unsteady vortical motions can
enhance mixing beyond the turbulent limit. This enables the design of vehicles
that operate at a higher efficiency level than what is naturally possible for a
given shaping.

These concepts have gained considerable traction among researchers, leading
to the emergence of one of the most promising branches of unsteady fluid
mechanics, known as Active Flow Control (AFC). This branch employs localized,
unsteady vorticity disturbances to alter the state of the flow along its development
path |24, 25]. These disturbances can be introduced into the flow through a
variety of means, methods, and devices. It is postulated that with appropriate
unsteady actuation imposed by devices, termed actuators, the advantages of
flow unsteadiness can be harnessed to enhance the overall system efficiency,
specifically to delay and suppress flow separation. Figure 2.1 provides a schematic
representation of this method for a generic boundary layer.

Moreover, it is posited that incorporating unsteady AFC into the design cycle
can yield additional benefits, well beyond those existing in systems that are
properly designed to operate in turbulent flow conditions. These benefits could
include reduced weight and cost, fewer parts, and decreased maintenance efforts.
Figure 2.2 demonstrates the effect of Active Flow Control on the flow around an
airfoil. By delaying separation or reattaching separated flow, the lift and drag
characteristics of technical surfaces can be positively influenced. While these
techniques have primarily been applied to aerodynamic problems, they also hold
significant potential for application on marine vehicles or underwater structures.
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Figure 2.1: Schematic representation of a generic Boundary Layer (BL) with unsteady
momentum addition by an actuator. The momentum addition and the
enhanced mixing increase fluid flow momentum close to the wall and enable
the flow to (re-)attach to the surface.

Control surfaces such as ship rudders and stabilizing fins are subject to flow
separation, which can limit the maximum control forces and consequently, the
turning radius.

Flow separation occurs when fluid particles near a wall are slowed down
by friction and must advance against a positive pressure gradient. At some
point, the particles come to rest, and further downstream of this point, the flow
reverses and moves upstream. This point is called the separation point. On a
lift-generating device, separation is linked with lift breakdown and increasing
drag. The latter is true for blunt bodies as well, where separation leads to
increased unsteady form drag.

To suppress separation, momentum must be added to the slow flow region
close to the wall. This can be done either by directly adding momentum via
tangential injection of high-speed fluid (steady blowing) or by enhancing the
mixing inside the boundary layer, thereby transporting momentum-rich fluid
closer to the wall (oscillatory blowing and vortex generating jets). Compared
to direct addition of momentum, mixing enhancement requires less excitation
energy input [26]. By exploiting naturally occurring vortex structures in the
flow, mixing enhancement can promote the necessary mixing, reducing power
consumption by up to 90% [27]. This method, known as pulsed or oscillatory
blowing, amplifies spanwise vortex structures to enhance mixing.

Among the numerous methods proposed for AFC, a few have distinguished
themselves. Steady blowing, for instance, involves the ejection of jets in a



Figure 2.2: Smoke flow visualization of flow reattachment using steady blowing. Left:
detached flow, Right: reattached flow using steady blowing through slots
in the upper surface of the foil supplied with pressurized air. Wind tunnel
experiment at u;,; = 2m/s at the University of Rostock.

predominantly downstream, wall-tangent manner to energize the decelerating
boundary layer [27]. Pulsed blowing adds unsteady excitation to wall-jets, with
jets being ejected from multiple slots in a cyclic manner. This creates beneficial
vorticity patterns that redistribute momentum from the outer flow towards the
wall, thereby reducing the energy required for a given task.

Another method, steady suction, involves drawing air through slots or holes
on the surface to energize the boundary layer and increase vorticity. This
method, suggested by Prandtl as early as 1904 [1], has proven to be extremely
efficient. Steady suction can evolve into unsteady suction, a technique that has
only recently been proposed [28]. The coupling of vorticity patterns created
by actuation with unstable modes of the flow leads to a favorable interaction,
further reducing the required actuation energy.

Another method for mixing is vortex generating jets (VGJ). These continuous
jets are blown normal or at an angle into the boundary layer, introducing
streamwise vortices. While the output of VGJs resembles that of steady jets,
they require less air [29].

Periodic excitation, including both pulsed jets and oscillatory blowing, is
another important tool in active flow control. Studies have shown that pulsed
jets can be more effective than steady jets in delaying flow separation and
enhancing mixing [30, 31]. The effectiveness of these methods is closely related
to the excitation frequency and the Strouhal number. Streamwise vortices
and spanwise vortices both play crucial roles in the process, with each type
contributing differently to the overall mixing and momentum transport within
the boundary layer.



For optimal excitation, it is necessary to excite the flow at a frequency close
to that of the naturally occurring coherent structures in the flow [25|. This is
related to the Strouhal number and is described by the reduced frequency:

F* = ferrp/tus, (2.1)

where f. is the oscillation frequency of the jet and xrg is the distance between
the actuator and the trailing edge of the body. Typically, the optimal reduced
frequency ranges from F* > 0.03 to F™* < 4 [27].

Pulsed blowing (a variant of periodic excitation) can be considered to be
the method of choice for active flow separation control today. Several papers
have demonstrated the effectiveness of this technology to delay or suppress flow
separation when applied on aerodynamic surfaces. Other methods, like synthetic
jet actuators (SJA) or plasma actuation, were shown to be less effective at high
Reynolds numbers corresponding to aircraft flight conditions or not mature and
robust enough with respect to environmental conditions encountered during
aircraft operation like rain, icing, sand, and very low temperatures.

Fluidic Oscillators have been proposed as the actuator to create the necessary
unsteady flow for pulsed blowing (instead of mechanical valves), and have been
studied in a wide variety of Active Flow Control situations. The development
of these devices began in the 1960s, with contributions from Spyropoulos [4]
and Warren [32]. Since then, many different designs have been introduced.
At present, a significant amount of research is being conducted to explore
these different actuator designs and their specific implementations bench top
[33, 34], prototype [7, 35| and full scale [36-38| investigations. These studies
demonstrate the feasibility of different types of fluidic oscillators in similar fields
of application.



3 Publications

3.1 Publication |

M. Fromm, J. Kim, A. Seifert, J. Kriegseis, and S. Grundmann, Flow patterns
of self-sustained oscillations in fluidic diverters, AIAA Journal 60, 4207 (2022).
DOTI: 10.2514/1.J061280

Reprinted by permission of the American Institute of Aeronautics and Astronau-
tics, Inc.

Author contributions

Task Responsible author
Computations Matthias Fromm
Data Analysis Matthias Fromm
writing the Manuscript Matthias Fromm

The first paper delves into the flow patterns occurring within fluidic oscilla-
tors, providing insight into the jet switching mechanism. By utilizing Proper
Orthogonal Decomposition and Lagrangian Coherent Flow Structures to analyze
CFD data, the study finds that the pressure difference between control ports
and feedback tube flows are the primary driver of jet deflection, which challenges
previously published models that emphasized the role of pressure waves. This
nuanced understanding allowed to design the subsequent, targeted experimental
study (publication 2), aiming to further the understanding and modeling of
the oscillator. Simultaneously, it provided insights for more precise design and
optimization of the device, which can be directly applied to AFC systems design
choices.
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A fluidic oscillator is a device capable of transforming a steady input flow into an oscillatory output using solely fluid
dynamic principles and without requiring any moving components. Although the basic operation principles of fluidic
oscillator are known to some extent, the unsteady and turbulent nature of its internal flow remains difficult to
understand. The current study aims to further clarify the complicated flow physics involved in fluidic oscillators by
investigating a device based on the fluid diverter principle. Spatiotemporally resolved velocity and pressure data
obtained from a large-eddy simulation of the internal flow are decomposed into the proper orthogonal modes. The
finite-time Lyapunov exponents are computed on the flowfield reconstructed using the proper orthogonal modes to
perform a Lagrangian analysis of the switching mechanism. It is found that four dominant modes are sufficient to
describe the jet switching. Strong coherent structures are found to separate the flow going through the oscillator from
secondary flows through the feedback tube. The deflection of the jet inside the device is found to depend only on the
pressure difference across the control ports, whereas the change of this pressure difference is mediated by the flows in

the feedback tube.
Nomenclature

AV = left- and right-hand eigenvectors
a = mode coefficients
p = pressure, Pa
U = snapshot matrix
u,v,w = streamwise, lateral, and out-of-plane velocities, m/s
z = diagonal matrix of singular values
p = density, kg/m?
[ = orthonormal basis
Subscripts
in = inlet
5 psi = corresponding to inlet pressure condition p;, equal to

5 psi differential
20 psi = corresponding to inlet pressure condition p;, of 20 psi

differential

I. Introduction

LUIDIC oscillators are mechanically simple yet fluid dynami-
cally complex devices. Developed in the 1960s and 1970s [1,2]
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for publication 4 March 2022; published online 29 April 2022. Copyright ©
2022 by the American Institute of Aeronautics and Astronautics, Inc. All
rights reserved. All requests for copying and permission to reprint should be
submitted to CCC at www.copyright.com; employ the eISSN 1533-385X to
initiate your request. See also AIAA Rights and Permissions www.aiaa.org/
randp.

*Research Assistant, Institute of Fluid Dynamics, Albert-Einstein-Str. 2.

Assistant Professor, School for Engineering of Matter, Transport and
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*Head of Chair, Meadow Aerodynamics Laboratory, School of Mechanical
Engineering, Faculty of Engineering.

$Senior Researcher, Institute of Fluid Dynamics, Kaiserstrae 10.

THead of Chair, Institute of Fluid Dynamics, Albert-Einstein-Str. 2.

for fluid logic circuits, the preceding term is used for devices capable
of transforming a steady input flow into an oscillating output using
solely fluid dynamic principles without requiring any moving parts.
The unsteady output flow can be exploited to enhance fluid mixing in
various applications: from bubble generation in microreactors [3] to
jet spreading in windshield wipers. Recently, renewed interest in
these devices occurred in the context of active flow control (AFC)
applications, where fluidic oscillators are used as actuators to create
unsteady vortical structures inside the boundary layer, which mini-
mize the amount of energy required to alter the boundary layer in a
desired way [4].

Among different types of fluidic oscillators described in the liter-
ature, the fluid diverter principle (also referred to as the fluid amplifier
concept) is among the most used in fundamental and applied experi-
ments in an AFC context (e.g., see Refs. [5,6]). Figure 1 shows a
specific implementation of this principle: the suction and oscillatory
blowing (SAOB) actuator as proposed by Arwatz et al. [7], and an
instantaneous snapshot of the velocity magnitude inside the device as
computed by Kim et al. [8].

The general layout, functionality, and nomenclature of such a
device is as follows: It consists of three stages. The first stage in
the flow direction is called the suction stage or ejector, creating a low-
pressure region to entrain additional flow from elsewhere, and thus
increase the total mass flow rate that is useful for the AFC application.
In the diverter stage, marked with a blue rectangle in Fig. 1, two
control ports are connected by a feedback tube made of a flexible tube
or a channel machined using (for example) additive manufacturing.
There, a continuous inlet jet attaches due to the Coanda effect to one
of two diverging walls downstream of the inlet. In the course of the
operation of the device, the jet switches between the attachment walls
and subsequent outlets, emitting alternating pulses through the out-
lets. The relevant geometry in the diverter stage is 2.5-dimensional,

e., it is symmetrical to the two-dimensional plane with the same
distance to the floor and ceiling of the device. The last stage is the
outlet nozzle, with the nozzle comprising two outlets. The outlet
openings would be connected to the aerodynamic surface to be
controlled, with the actuator mounted below that surface. Movie 1
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Fig.1 Nomenclature and instantaneous snapshot of velocity magnitude
on the centerplane of the simulation domain. The flow direction is from
left to right, and the jet leaves through outlet L [8].

provides visual representations of the switching mechanisms and
unsteady flow structures.

Despite the wide usage of the device, the literature provides only a
limited understanding of the underlying fluid mechanics causing the jet
to switch between the attachment walls. Based on pointwise measure-
ments of velocity and/or pressure inside fluidic oscillators, empirical
models and explanations were derived by Spyropoulos [1], Viets [2],
and later by Arwatz et al. [7] to explain the dynamic behavior of these
devices. Only a few investigations of the entire internal flowfield exist,
namely, by Koso et al. [9] using hot-wire anemometry and Wasser-
mann et al. [10] using magnetic resonance velocimetry. The state-
of-the-art hypothesis of the working principle describes a pressure
difference between the control ports of the oscillator as the primary
cause for the deflection of the jet and the acoustic transmission of this
pressure through the feedback tube as the cause for switching [7,11].

Rather independently, comprehensive efforts to model the wall
attachment characteristics of fluid diverters based on the Coanda
effect in general were conducted by (for example) Epstein [12], Lush
[13], and Goto and Drzewiecki [14]. These works provide analytical
models that use a streamline curvature equation

2

a _o ()
'y R
for the explanation of the jet deflection. In Eq. (1), dp/dy is the cross-
stream pressure gradient between the control ports and R is the
curvature radius of the streamline at the center of the jet. Additional
equations are then employed to describe the control port pressure and
the size of the separation bubble between the main jet and the

attachment wall.

However, a satisfactory conclusion incorporating both views
(pressure-wave-driven switching and separation-bubble-driven sep-
aration) has never been achieved. Certainly, a lack of spatiotemporal
resolved flowfield and pressure data adds to this situation. A more
thorough understanding of the spatiotemporal relations of theses
quantities can add insight to the underlying physical mechanisms,
and it may provide guidelines for the design of such devices and
improve their performance. The latter is critical for the successful
implementation in AFC systems, which is currently delayed due to
inefficiency.

This paper aims to extend the understanding of the fluid dynamics
that cause the jet to switch by providing the perspective of a data-
driven reduced order model (ROM). To achieve this, time-resolved
velocity and pressure fields from a large-eddy simulation (LES) of the
SAOB actuator by Kim et al. [8] are further analyzed. Velocity and
pressure fields inside the actuator’s diverter stage are decomposed
into proper orthogonal decomposition (POD) modes to test the
correlation between jet deflection and pressure distributions. Two
approaches are used: a “classical” velocity-only POD [15] and a
coupled pressure—velocity POD [16]. The latter allows us to analyze
how pressure and velocity correlate with the switching mechanism of
the device. To identify possible Reynolds or Mach number effects,
datasets from the simulation of different inlet pressures are analyzed
jointly with acommon-base POD (CPOD) [17]. Lagrangian coherent
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structures (LCSs) are evaluated by analyzing finite-time Lyapunov
exponent (FTLE) fields on the flowfields of the ROM to provide
insight into the flow topology [18]. In the following section, details
on the dataset as well as the employed POD and FTLE techniques are
provided, and Sec. III presents the respective results.

II. Methods
A. Description of the Dataset

The datasets used for the current analysis are the LES computa-
tions carried out by Kim et al. [8]. An entire SAOB actuator device
was modeled, including the suction stage and the nozzle outflow into
quiescent air downstream of the outlets. The fully compressible
Navier—Stokes equations were solved on unstructured grids consist-
ing of 47 million control volumes in three dimensions using the high-
fidelity CharLES code using a cell-based finite volume discretization
[19]. The Vreman subgrid-scale model [20] was used with a constant
turbulent Prandtl number of 0.9. The simulations were carried out for
three different inlet pressures, where the inlet pressure is defined as
the differential pressure between the ambient, atmospheric pressure
downstream of the outlets and the pressure at the inflow boundary to
the suction stage. The LES prediction shows time-periodic jet switch-
ing, which is quantified using mass flow rates on the two outlets as
well as the two feedback ports. The oscillation frequency, wall
pressure distribution, outlet velocity, and suction velocity show good
agreement with the measurement. Additional details of the simula-
tion setup can be found in the work of Kim et al. [8].

Snapshots of the velocity and pressure fields were obtained for five
oscillation periods for each inlet pressure after the decay of initial
transient effects. The sampling rate of these snapshots is 47 kHz,
resulting in 673 samples for an inlet pressure of p;, = 20 psi differ-
ential (psid) and 1507 samples for p;, = 5 psid. At p;, =5 psid,
flows are subsonic everywhere in the oscillator with a peak Mach
number of Ma = 0.4 at the inlet of the interaction region. In contrast,
at p;, = 20 psid, the flow regime is supersonic at the suction stage,
and the Mach number is 0.8 at the inlet of the interaction region, with
no shocks or supersonic flow present in the area considered in the
current analysis. The flows oscillate at 150 and 330 Hz, respectively.

The analysis presented in this study is performed in the actuator’s
diverter stage. The geometry of the device is essentially two-dimen-
sional in this region, and thus the oscillator’s centerplane is chosen for
the analysis.

B. POD Setup

In this work, three different POD formulations are used to inves-
tigate the relations between velocity, pressure, and distinct operating
parameters. The POD [15] decomposes a dataset D (x, ) of snapshots
into a combination of time-dependent coefficients a;(f) and an
orthonormal basis of spatial modes @ such that the dataset may be
reconstructed by the linear combination

D =) a()®;

In all formulations, singular value decomposition is used for
computing the modes and coefficients, where matrix U is decom-
posed into left- and right-hand eigenvectors and singular values:
U = AZV". Then, the individual modes are the columns of the
left-hand eigenvectors, ¢; = A7, and the associated energy e; of
the i th mode is the square of its singular value

— 2
e, =1Z;

The coefficients are obtained by multiplication of the singular
values with the right-hand eigenvectors

a: =3V

i ivi

First, the standard velocity-only POD is computed, where each
column of U is built from the rearranged spatial velocity data at one
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pointin time: u; = [uv]”. The velocity in the out-of-plane direction w
is not included in the decomposition. The cross correlations of the in-
plane components # and v with w were found to be negligible, and
thus the resulting modes are independent of a potential inclusion of
w. Also, the mean velocity w is insignificant in the area of interest,
and thus only two components will be discussed.

A coupled pressure—velocity POD is computed as an extension
of the standard formulation. For this, the pressure distribution is
appended to each snapshot vector such that u; = [uvp]”. The cou-
pling of a scalar and velocity in a POD was used (for example) in
Ref. [16]. Commonly, the reconstruction by means of POD is claimed
to be “energy optimal” because the correlation of velocities is related
to flow kinetic energy. However, if the pressure is included, this no
longer holds true; and the only claim that can be made is that POD
provides a basis optimal with respect to the variance of the quantities.

Another aspect of the inclusion of the pressure in the decomposi-
tion includes the different magnitudes of the velocity and pressure
fields. Different scaling and normalization approaches were tested,
where the resulting modes were found to be dominated by either the
pressure or the velocity. Thus, for the results presented here, it was
decided to leave the data unmodified, which implies the correspond-
ing eigenvalue problem to be predominated by the pressure data.
Because the influence of the pressure on the jet switching is an open
discussion, as outlined in Sec. I, this is therefore an approach to obtain
a model “from the perspective” of the pressure.

The third formulation is the CPOD [17], which seeks to enable a
quantitative comparison between datasets with different parameter
settings. In this case, the POD modes are computed using the same
number of snapshots from two different inlet pressure conditions.
The snapshots are stacked sequentially along the time axis and are
decomposed into a shared orthogonal basis: U = [Usg s Us pyil-
A sectional analysis of the mode coefficients enables us to inves-
tigate the influence of a certain parameter realization by compar-
ing the relative variance contribution of the respective subset to
the cumulative variance of the entire dataset. This enables us to
investigate how the different inlet pressures (and subsequently
different Reynolds and Mach numbers) act on the principle of
the jet switching.

Because it is not clear whether the switching process may be
harmonic or not, the POD is favored above a spectral POD or a
dynamic mode decomposition formulation to allow arbitrary wave
forms of the modal coefficients rather than imposing the restriction of
a sinusoidal wave form.

The data inside the area of interest are used on the original,
unstructured grid to compute the POD modes. Before the decom-
position, the data are multiplied with the corresponding cell volumes
of the simulation to account for the spatial distribution of the velocity
and pressure measurements. For the reconstruction, the modes are
divided by the cell volumes to regain the dimensional data.

C. Computation of FTLE

Fields of the FTLE display spatial convergence or divergence,
depending on the particle-path integration direction in time (back-
ward or forward, respectively). High “ridges” of the FTLE represent
material lines across which no mixing occurs. The FTLE imple-
mentation in this study follows the approach introduced by Shadden
etal. [18]. To eliminate high-frequency fluctuations, the flowfield is
reconstructed before FTLE computation using the four most ener-
getic modes of the velocity-only POD and the phase-averaged
mode coefficients, thus including 98.7% of the total phase-averaged
energy. The reconstructed data are interpolated to a regular, evenly
spaced grid for computational efficiency. Virtual particles are
seeded initially on a regular grid with a resolution of 450 X 450 in
the area of interest. Particles are advanced on the time-dependent
flowfield by numerical integration using the ODEPACK implemen-
tation of the Adams/BDF scheme [21]. The integration time is
chosen to be 0.5 switching periods in both forward and backward
directions. After this time span, most of the particles have left the
domain so that the FTLEs are invariant to an additional increase in
integration time.

III. Results and Discussion

With the results of the CPOD, the contribution of the modes
to the overall energy relative to each other can be computed
and compared by computing the ratio between the two datasets:
ratio = 6%(a; 5 ps1)/062(a; 20 s;)- This ratio is approximately one for
modes i < 7. At higher modes, the ratio decreases below one,
which can be attributed to stronger turbulence present at p;, =
20 psid. Thus, the flowfield can be described with the same set of
modes and relative weighting, independent of the inlet pressure
and the change in Reynolds and Mach numbers. Based on this, in
the remainder of this section, we discuss the analysis results for the
20 psi case.

The time-resolved coefficients of the first four POD modes con-
tribute to 76.1 and 64.5% of the total variance for the coupled and for
the velocity-only cases, respectively (cf. Fig. 2). A large number of
modes is therefore required to capture the high-frequency fluctua-
tions in the fields.

Despite this, the unique behavior of the flow and pressure fields are
well approximated by only considering the modes 1 and 3, as will be
shown in the following. In Fig. 3, the reconstructions of the flowfield
with individual modes are compared with the original sample from
the LES simulation at four different locations. For each location, the
respective mode or modes are used and summed with the mean field
to show the contribution of the individual modes. To obtain a clear
picture, the original and reconstructed data are each averaged over
small areas around the locations displayed in Fig. 4. Furthermore, the
pressure data from areas I and II are subtracted to compute the
pressure difference between the control ports, corresponding to an
approximation of the left-hand side of Eq. (1). Location III is the
location where the jet is expected to initially attach to the wall and is
chosen as representative for this condition. Similarly, location IV is
chosen to illustrate the flow at the left outlet. For the feedback tube
flow, the mean of locations I and II is computed and displayed
in Fig. 5.

Figure 3a shows that mode 1 reconstructs the port pressure differ-
ence remarkably well, despite the respective singular value only
accounting for 51.6% of the total energy (compare Fig. 2). Mode 1
also reconstructs a large part of the flowfield between the control
ports at location III, capturing the dynamical behavior well (Fig. 3b).
The characteristics of the outlet flow may be well described by mode
3 alone, as Fig. 3c shows. In contrast, as Fig. 5 shows, the feedback
tube flow follows a different dynamic and is only well approximated
when considering at least modes 1 and 3 for the reconstruction.

The main observation here is that mode 1 describes the port
pressure difference and the attachment of the jet to the wall remark-
ably well, whereas the output flows are approximated by mode 3,
which is not associated with the port pressure difference. At the same
time, the feedback tube flow is not directly correlated, in a statistical
sense, with the pressure difference or the jet attachment. This claim is
further supported by the relative energy contribution of the modes
after the time histories of the coefficients are phase averaged. The
phase average is computed with respect to the coefficient of the

T T T T
1.0F
0.8
~ 0.6F
o
- o,
0.4k 64.5% /6.1% —6— coupled, tr |
coupled, avg
0.2F —v— velocity, tr
—+— velocity, avg
0.0 1 1 1 1
0 4 8 12 16
POD mode

Fig. 2 Energy contribution of the POD modes of the 20 psid dataset:
time resolved (tr), and phase averaged (avg).
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(location III), and c) streamwise velocity at location IV (left outlet).

y (mm)

-1 1 I I
0 40 50 60 70

X (mm)

Fig.4 Areas over which quantities are averaged for reconstruction.

Sample
Mode 1
Mode 2
—— Mode 3
—— Mode 1+3

L L L L L L f
0 100 200 300 400 500 600 700
Time step

Fig. 5 Reconstruction of flows through the feedback tube, averaged
over locations I and II. Individual modes are shifted along the ordinate
for clarity.

first mode by detecting zero crossings and defining one period by
every other zero crossing. After that, the weight w; of the i th mode
can be computed as the variance of the phase-averaged coeffi-
cient: w; = 6%(d;).

In this case, the first four modes contribute substantially more
(97.7 and 98.2% for the coupled and velocity-only cases, respec-
tively) to the overall energy content, as Fig. 2 shows. The coefficients
of the higher modes cancel out in the phase-averaging process
because they fluctuate in a manner that is not synchronized to the
jet switching. The phase-averaged coefficients shown in Fig. 6 point
out that modes 1 and 3 oscillate at the jet switching frequency,
whereas mode 2 oscillates at twice the switching frequency, and thus
represents higher harmonic components of the switching. The phase-
averaged coefficients will be discussed in more detail in the following
paragraphs:

Considering the results so far, it seems justified to discuss the
mechanism of the jet switching based on the three most energetic
modes. First, we will discuss the topology of the individual modes, and
subsequently their dynamical interplay. The three most energetic
modes and the flowfields that emerge when these modes and the mean
fields are superimposed are displayed in the left and right columns in
Fig. 7, respectively. The superposition for each mode is computed with
the maximum value of the phase average of the respective coefficient
such that the superposition is U; = U + max(a;)¢;.

In the first mode, the pressure difference between the ports is
correlated with the deflection of the jet toward a wall. The jet is bent
toward the side with lower pressure (denoted by L), whereas on the
opposite side, where the jet is not attached (denoted by R), the
pressure is higher than average. Furthermore, a low-velocity flow
is observed in the feedback tube from port L to R, i.e., away from the
side where the jet is attached. Superimposed with the mean (right
column), it presents the attachment of the jet to the wall. The attach-
ment begins right downstream of the control port and is not yet fully
developed; the jet is split between the outlets.

Note that the direction of the pressure difference and the direction
of the flow change with the sign of the coefficient. For the interpre-
tation of the mode topology, we assume a positive coefficient; and in
the discussion of the dynamical interaction, we will address the
change in sign.

The topology of mode 3 is similar to that of mode 1, but the attach-
ment of the flow to the wall spans the entire analysis domain down to the
outlets. In contrast to mode 1, the pressure difference between the ports
is negligible. On the detached side (wall L), fluid travels upstream
toward the control port. Again, in contrast to mode 1, there is a strong
and directed flow through the feedback tube toward the attached side
(wall L to R), i.e., opposite to the direction observed in mode 1.

The second mode describes the lateral movement of the jet while it
changes sides, where the jet aligns with the centerline when it
transitions from one wall to the other. The pressure increases in the
streamwise direction because the jet is decelerated by interacting with
the resting fluid in both port areas and the downstream splitter. Mode
4 repeats the dynamic of mode 2 but describes the lateral movement
of the jet downstream of the region covered by mode 2 and is not
further discussed here.

With the impact of the individual modes in mind, several specific
phase angles of a switching cycle are discussed in the following, as
marked by capital letters in Fig. 6. Refer also to Fig. 8, where selected
velocity and pressure fields are shown.

At phase angle A, mode 1 is at its maximum value and modes 2
and 3 are much smaller in amplitude. The jet has just completed



Downloaded by Matthias Fromm on May 2, 2022 | http://arc.aiaa.org | DOI: 10.2514/1.J061280

Article in Advance / FROMM ETAL. 5

T T T T T T T
L 4 —M 1
15 AB |[C D [E|F ode
vy v Vv Vb —-— Mode 2
1.0F - O N N 2
- / \-\ ’/ A\ \ Il \ A Mode 3
S / ] A ~4 N
X 05 j iV ~s e iVa
- VAN 2 N Y
E 0.0 -+ \ \ \ il A A
R Y 7 \ iV \ 7
© /,' AR Y y o
/1 d. \ 2730 /) .\/,/ \
—0.5 [/ - oo S\ 4 '
7 A
\II
_10 -
1 1 1 1 1 1 1
0 60 90 135 180 225250 360

Phase angle (°)
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Fig. 7 Most energetic POD modes (left column’s color map denotes dimensionless pressure quantity, and arrows correspond to velocity vectors) and
flowfield obtained by adding mean flow to the respective mode (right column’s color map displays pressure and streamlines of the resulting flowfield).

its attachment to wall L. Immediately after, at point B, mode 3
approaches its minimum value and the jet remains attached over
the full length of wall L; and a flow through the feedback tube has
developed. Note that mode 1 and 3 attach to the same wall when
their coefficients have opposite signs. Since mode 1 reaches its
maximum before mode 3, the jet attaches first in the upstream part
of the interaction region; and the new flow direction propagates to
the outlets. As mode 3 became stronger in its amplitude, mode 1 is
weakened (point B to point C), which could be attributed to the
flow through the feedback tube supplying fluid to the attachment
side port (point L), thus increasing the pressure there. At point D,

mode 1 approaches zero amplitude. There is no pressure difference
across the ports, and the jet is centered in between the walls.
However, it is still attached to the wall further downstream; and
the flow through the feedback tube associated with mode 3 is
strong. The feedback flow is draining port R while supplying fluid
to port L. Entrainment by the jet and feedback flow co-act, rapidly
lower the pressure at port R, and promote attachment of the jet to
wall R (point D to point E). With the sign change in pressure
difference, the feedback tube flow decelerates and finally reverses,
together with the attachment of the jet over the full length of the
wall (point F). Phase angle F now presents the same situation as
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Fig. 8 Snapshots of the phase-resolved FTLE fields combined with pressure and velocity: high values of repelling FTLE (black) and attracting FTLE

(red). Indicated phase angles relate to Fig. 6.

described for point A but on the opposite wall. From this condition,
the pressure difference decreases again and the cycle repeats in the
other direction.

In the whole cycle, the maxima of mode 2 indicate when the jet is
centered between the walls, and the minima indicate full attachment
to a wall. The reconstructed flow and pressure fields are rendered in
movie 2.

The observed distribution and temporal evolution of the pressure
difference between the ports does not point toward evidence of
traveling pressure waves, as suspected in Ref. [1] and by others.
The evolution of mode 1, and thus the pressure difference, spans the
entire cycle of the switching in a continuous manner; and the jet is
always attached to the side with the lower pressure. Thus, another
effect must be responsible for the switching of the jet between
the walls.

The FTLE field is computed for the flowfield reconstructed
from phase-averaged mode coefficients. In Fig. 8, snapshots of the
FTLE field are presented alongside with velocity and pressure data
corresponding to phase angles A, C, and D, marked in Fig. 6. The

color maps of the velocity magnitude and pressure distribution are
adjusted to show only the highest and lowest values, respectively, to
provide a clearer but physically correct visualization. Black and
red lines indicate repelling and attracting coherent structures, respec-
tively.

When the jet completes its attachment to wall R (Fig. 8a), a
repelling ridge cuts off the feedback tube from the interaction
region. At opposite side L, fluid from the interaction region
reverses and travels upstream toward port L, which explains the
pressure rise at this side associated with the first POD mode. When
the jet separates from wall R and returns to the center of the
interaction region (Fig. 8b), this upstream flow is terminated
because the jet blocks the entire width of the interaction region.
This can explain the rapid decrease in pressure at port L because the
supply of fluid that enabled the higher pressure is instantaneously
interrupted.

On the opposite side, fluid flows from the feedback tube toward the
main jet and feeds a small region bounded by high FTLE values
between the jet and wall. Ridges of the FTLE fields show that the
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fluid in the feedback tube is separated from the main jet for most of
the time and only a small amount of fluid is interchanged with the
interaction region before the jet separates from the wall. In movie 3,
the forward and backward FTLE fields are rendered for five oscil-
lation periods.

Note that the separation of the jet from the wall occurs as soon as
the pressure difference vanishes and seems not to be dependent on the
slow growth of the separation bubble between the jet and wall.
Rather, the separation is forced by the jet; and the necessary fluid
to fill the region between the jet and the wall is separated from the jet
and entrained from downstream. This is in contrast to the models of
Epstein [12] and Goto and Drzewiecki [ 14] that, in general, model the
growth of the separation bubble by supply from the feedback tube as
the cause for detachment.

In Fig. 8c, the repelling ridge enclosing the separation bubble
mimics the “dividing streamline” introduced by Chapman et al. [22].
This is defined as the edge between the fluid of the jet and secondary
fluids originating from the control ports. In the literature, this stream-
line originates from the edge of the inlet nozzle. However, as can be
seen in Fig. 8c, the separating structure originates from inside of the
jet and stagnates against the attachment wall, and thus limits the
separation bubble. At this point, no fluid is entrained from the control
port and convected downstream with the jet, but all fluid is captured
inside the separation bubble, which again is in contrast to the cited
literature.

In the studies of other fluidic oscillator configurations, secondary
effects influencing the flowfield have been reported. Tesai and
Bandalusena [23] investigated a fluid diverter and reported a vortex
blocking off one of the outlets, and thus slowing the switching
process. The oscillation mechanism of the sweeping jet oscillator,
as reported by Ostermann et al. [24], relies heavily on a separation
bubble, which is fed by fluid from the feedback tubes, pushing the jet
away from its attachment wall. In the device investigated here,
essentially no fluid is exchanged between the feedback tubes and
the interaction region. In contrast, the detachment of the jet is enabled
by reversing fluid from downstream of the interaction region and by
fluid from the jet itself.

IV. Conclusions

In this paper, a novel, interpretable reduced-order model of the
oscillator flow was built based on spatiotemporally resolved high-
fidelity data. In the investigated device, a direct correlation between
the pressure difference between the control ports and jet deflection
was found, without a phase lag or deadband. This pressure difference
is found to be the mechanism for the deflection of the jet, supporting
previous models available in the literature. A flow through the feed-
back tube is induced by the pressure. The onset of this flow is
correlated to the decrease of the pressure difference and enables the
detachment of the jet from the wall, where the gap between the wall
and the jet is filled with fluid from downstream and not from the
feedback tube. The reattachment is a combined effect of entrainment
of the fluid by the main jet and of the flow through the feedback tube,
leading to a low pressure at the corresponding port. This aspect was,
so far, not included in any model.

Current models of the switching mechanism do not include the
pressure on the nonattached side. In this study, LCSs show a strong
reverse flow from the interaction region toward the port from where
the jet is separated, enabling the rise of pressure at this port above the
temporal mean pressure, and subsequent starting of feedback tube
flow. The results presented here suggest inclusion of the feedback
tube flow and the reverse flow into future analytical modeling
approaches.

The observed coupling of port pressure and jet deflection may be
exploited for control purposes, where the exact state of the oscillator
needs to be known in order to control either the oscillatory behavior
or the effect of the actuator on the flowfield. In such an application,
the full state of the actuator may be approximated with just a single
pressure sensor measuring the port pressure difference.

These findings may also be used to investigate modifications in the
design of the device to increase and adjust its performance. The
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dependence of the oscillation on the reverse flow between the inter-
action region and the control port indicates that a larger distance
between the control ports could enable an increase in magnitude and a
decrease of rise time for this reverse flow. This may lead to a faster
oscillation with a higher quality, i.e., higher standard deviation of the
velocity at the outlets.
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The second paper expands the previous study by exploring the mechanisms
behind fluidic oscillators through the lens of the FitzHugh-Nagumo (FHN)
equations, traditionally used for modeling neuronal excitations. The research
presents experimental evidence suggesting that fluidic oscillators can be effec-
tively modeled using the FHN system, linking fluid dynamics with electrical
analogs. Detailed phase-averaged velocity fields and local pressures were obtained
using Particle Image Velocimetry (PIV) and pressure transducers, providing a
comprehensive view of the oscillator’s behavior. The study revealed a complex
interplay of secondary flows within the oscillator that facilitate self-sustained
oscillations. This novel approach of using the FHN equations offers a new
perspective on the control and prediction of fluidic oscillator performance. The
experimental validation strengthens the theoretical model, making it a valuable
tool for future research and practical applications in AFC systems.
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ABSTRACT

Fluidic oscillators display a unique feature: from a constant input flow, they generate an output that alternates both temporally and spatially,
all without the necessity for any moving components. However, there have been varying theories proposed to explain the underlying
mechanisms. In this study, we provide experimental arguments that the functioning of a single-feedback loop fluidic oscillator can be effec-
tively modeled and interpreted using the Fitzhugh-Nagumo equations. We explore the connection between the Fitzhugh-Nagumo system
and the momentum equations, as well as a fluid capacitance. Our findings reveal a complex interplay of secondary flows within the oscillator,
which appears to facilitate the self-sustained oscillation.
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NOMENCLATURE Vi, Volume flow rate of the supply flow
4 Dynamic viscosity
Ape  Cross-sectional area of the feedback tube (/5 Kinematic viscosity
C Fluid capacitance (analogous to electrical aw = dpey /5 Womersley number
capacitance)
dpe  Diameter of tf}e feedback tube . INTRODUCTION
d;,  Inlet nozzle diameter

f
f(pa)

Switching frequency
Cubic polynomial representing the interaction
mass flow

A vparticularly interesting member of the family of fluid logic
devices is the fluidic oscillator, which creates alternating jets from a
steady-state input, without any moving components."* The geometric

V) Cubic function representing tunnel diode current configuration enabling this feature is a simple and two-dimensional
in FHN model geometry, which varies between different types of oscillators that have
FBT Feedback tube been developed in subsequent research. Derived from the idea of a
i Current in the FitzHugh-Nagumo model fluid logic gate and amplification device, the unsteady output flow of
L Inductance in the FitzHugh-Nagumo model fluidic oscillators has been investigated for the enhancement of fluid
Ly Length of the feedback tube mixing in various applications from active flow control, micro-bubble
pip2  Control port pressures generation, and enhancement of heat transfer to applications as a wind
pa=p1 —p> Pressure difference between control ports shield wiper.”” As an example, a fluidic oscillator may be integrated
R Resistance in the FitzHugh-Nagumo model into the suction side surface of an airplane wing or the airplanes verti-
Rejy = %= Tnlet Reynolds number cal tail. The unsteady output of the oscillator enhances mixing of the
p  Density boundary layer and thus can delay or even fully suppress flow separa-
t Time tion, leading to improved wing performance or eventually replace

up,  Velocity in the feedback tube mechanical flap systems.”'"'?
ui  Bulk oscillator inlet velocity Recent research has dedicated considerable effort into under-
fip Mass flow in the feedback tube standing the oscillation mechanism of fluidic oscillators, with particu-

Miner  Interaction mass flow

lar focus on the sweeping jet oscillator (e.g., Refs. 13-17)
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In this paper, we aim to shed a new light on the mechanism of
the jet oscillation of the fluid amplifier inspired oscillator (as depicted
in Fig. 1). This device comprises the following components (Fig. 1): An
inlet nozzle supplies fluid into a chamber formed by two diverging
walls which lead to two outlets, which are separated by a splitter.
Where the nozzle and the chamber join, the control ports are located,
connected to each other by the feedback tube (FBT).

In the research of fluid amplifiers,” ** the jet was modeled by
means of a jet curvature equation for the case of external control flows
or pressures. In the oscillator configuration, the self-sustained oscilla-
tions were initially attributed to acoustic pressure waves traveling
through the FBT and pulling the jet from side to side." The currently
accepted explanation can be summarized as follows (see, e.g.,5). The
jet position at the centerline of the device is unstable. Therefore, the jet
will initially attach, due to entrainment, natural turbulence, and any
small asymmetry, to one of the side walls, where it creates a low pres-
sure region at the control port. The low pressure travels as a wave
through the feedback tube toward the opposite control port and draws
the jet across, by applying a transverse pressure gradient acting on the
jet and accelerating it to move from one side to the other.

However, the oscillation timescale was found to be much slower
than expected for a purely acoustic feedback.” To overcome this, the
explanation of the oscillation mechanism was refined by incorporation
of viscous time delays,” and a flow through the feedback tube induced
by the control port pressure difference was first reported by Koso et al.”*

Here, we propose a new model for the jet switching mechanism
based on the FitzHugh-Nagumo (FHN) system of equations, which
was developed to describe neuron excitation dynamics.” In terms of
electrical quantities, it reads

av .
CE:f(V)*I, (1a)
di .
LE: V —Ri. (1b)

In Eq. (1), C is a capacity, V denotes voltage, f(V) is a cubic function
representing the current through the tunnel diode, and i is the current
through inductance L and resistance R. In this paper, we consider the
state of fully developed, stable oscillations.

Il. METHODS

We obtained phase-averaged velocity fields and local pressures of
a generic fluidic oscillator using particle image velocimetry (PIV),

_PIV image area

— |
Control volume |
top

ARTICLE pubs.aip.org/aip/pof

Inlet Feedback tube  Container

Supply Laser
pump head

V. Pin

L —

data
aquisition

“Ca mera

FIG. 2. Experimental setup overview.

Pressure taps

synchronized with two Kulite XTM-190 piezo-resistive pressure trans-
ducers. The setup is illustrated in Fig. 2. The oscillator model, milled
from acrylic glass via Computer Numeric Control (CNC) milling, was
mounted externally on a container measuring 1m x 0.5m x 0.3 m.
The outlet nozzles of the model were flush with the container’s front
surface to ensure minimal flow interference with the water surface
inside.

Table T summarizes the geometry and measurements of the
device. The aspect ratio, at 3.6, falls within a range that likely mini-
mizes effects of the top and bottom walls. The narrowest channel
width, measuring 5mm at the junction where the feedback tube con-
nects to the control ports, is small but does not qualify as micro-
fluidic. The reference points determining the length of the FBT vary in
the literature. Here, we choose the boundary of the control volume as
the reference point where the FBT length is measured from (see
Fig. 1).

Water was circulated through the system using a pump, with its
suction side positioned inside the container opposite to the model.
This setup maintained a consistent supply flow, monitored for total
inlet pressure, volume flow rate, and temperature using industry-grade
Sensors.

Pressure measurements within the oscillator were taken at the
control ports, labeled 1 and 2 as depicted in Fig. 1, using the aforemen-
tioned pressure transducers mounted flush with the interaction region
floor. Each sensor recorded data at a 10 kHz sampling rate, processed
through a 5kHz analog low-pass filter before 16-bit analog-to-digital
conversion.

TABLE I. Device geometry.

Parameter Value

I Width of the FBT channels at narrowest point 5.0 mm
Control p‘#"t! P2 Inlet nozzle width 4.98 mm

U ' Height of the channels 18.0 mm
= 32 mm Aspect ratio 3.6

FIG. 1. Oscillator geometry and phase-averaged velocity magnitude field. The reg ~ Device length (inlet nozzle to outlet) 100.0 mm

circles correspond to the size of the pressure taps p; and p,. The FBT length is not Feedback tube length (main configuration) 0.6m

to scale.
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FIG. 3. Phase averaging procedure.

For visualizing the velocity field, PIV was employed at a steady
rate of 6 Hz using a commercial double-pulse laser setup. The PIV
camera was positioned perpendicularly above the oscillator, and the
laser light-sheet was aligned centrally, equidistant from the model’s
floor and ceiling, to minimize three-dimensional effects. The images
captured had a resolution of 1100 x 800 pixels, with interrogation areas
of 16 x 8 pixels each and a 50% overlap, yielding a spatial resolution of
0.387 mm by 0.194 mm per vector.

Data synchronization between the PIV camera and pressure sen-
sors was achieved by recording the camera trigger voltage signal along-
side the pressure sensor outputs. This enabled the computation of
phase-averaged velocity fields during post-processing. Phase-averaging
was referenced against the port pressure difference, with ¢ = 0 defined
as the instant of zero pressure difference between the ports occurring
in a positive direction (dp,/dt > 0). Prior to searching for the zero
crossings, p, is filtered by applying a cross correlation with a single
extracted period (similarly as described in Ref. 27). Figure 3 shows a
sample time span from the measurement detailing the signals used to
compute the phase-averaged properties.

11l. RESULTS AND DISCUSSION

In the following, we will primarily discuss the results of an indi-
vidual experiment run conducted under the conditions summarized in
Table I1. Note that the oscillation frequency was measured as f=2 Hz,
but the characteristic time of acoustic wave transmission through the
feedback tube is t=0.4 ms, which would result in an oscillation fre-
quency at the order of kHz, if pressure waves played a primary role in
the switching mechanism.

Consider the two-dimensional control volume between the con-
trol ports (Fig. 1). The pressures p; and p, are assumed to be uniform
over the extent of their respective control port and thus along the
upper and lower boundaries of the control volume. The control port
pressure difference is defined as p; = p; — p>. The phase angle ¢ = 0

TABLE II. Experimental results of the main configuration.

Parameter Value
Bulk inlet velocity v 2.8m/s
Inlet flow rate V;, 15.01/min
Switching frequency f 2Hz
Wormersley number o 27.74

pubs.aip.org/aip/pof

is defined as p; = 0 when dpy/dt > 0. A full cycle corresponds to the
jet attaching to one side, switching over to the other and returning to
the first.

For the current control volume, the conservation of lateral
momentum states

J%dA-‘r J uvdS—JuvdS+ J v*ds — JvzdSzipdStop, 2)

A out in top bot

where in, out, top, and bot denote the inlet, outlet, upper, and lower
boundaries of the control volume, as labeled in Fig. 1; A is the area and
S denotes the individual boundaries. We evaluate Eq. (2) numerically
from the measured data, finding that the force exerted by the pressure
difference pyAs, accelerates the jet fluid in the y-direction while it
passes through the control volume and balances the outflow of lateral
momentum [Fig. 4(a)]. Notably, the jet enters the control volume with
nonzero vertical momentum, Pj,, indicating that there is an upstream
effect of the jet deflection. The temporal derivative of the vertical
momentum, %, is small compared to the magnitudes of the pressure
force and the momentum fluxes [Fig. 4(a)], supporting the assumption
of quasi-steady flow previously used for fluid amplifiers.“'” At the
same time, the momentum transported by the FBT (Pﬂ,,) is of the
same order of magnitude as the unsteady term [see Fig. 4(b), though
with distinctive differences around ® = 0° and 180°], which indicates
that the FBT flow may affect the switching, as will be subsequently
discussed.

To further assess the dynamic behavior of oscillatory flows within
the feedback tube channel, the Womersley number is evaluated. It is
defined as

1
wp\?
o = (7). @)
Here, dp, is the characteristic length, in this case the diameter of the
feedback tube, o is the angular frequency of the oscillation, p is the
fluid density, and u is the dynamic viscosity of the fluid. The
Womersley number characterizes the relative importance of inertial
forces to viscous forces in oscillatory flow and is particularly useful in
predicting the flow behavior in channels and blood vessels where the
flow may be pulsatile. Evaluated to oy = 27.74, the Wormersley num-
ber indicates fully developed oscillatory flow in the FBT.

The relation between the FBT flow and p, is modeled as in the
study of Woszidlo et al”* using an unsteady, viscous-loss corrected
Bernoulli equation for a streamline through the FBT from control port
1 to 2 (conf. Figure 1). Given incompressibility, the result is

Ou 1 ,

ot B /JLﬂa[ (Pd Au)7 @)
with Ly, being the FBT length; the (constant) fluid density, p; and 4
approximating the viscous losses of laminar flow through a tube
(Hagen-Poiseuille),

Lpevp

A=32
dy,

(©)

where dg, is the FBT diameter and v is the kinematic viscosity.
Furthermore, we calculate the mass flow in the FBT as ritg: ~ pAugpy,
since the FBT velocity is observed as spatially nearly uniform at the

Phys. Fluids 37, 027115 (2025); doi: 10.1063/5.0250615
Published under an exclusive license by AIP Publishing

37, 027115-3

2¥'2€:20 5202 Ud21eN 02



Physics of Fluids

ARTICLE pubs.aip.org/aip/pof

—— Pg Atep
3 T ™ T T T T
1w} A —a— Pox 04l — 5 02k — calc.
/ ot —>— exp. 4,
z 5 z 02 —8— Prox, tow + top 41 _ oaf ry
=4 —_— w -
= = K F
3 o T 00 E oo 02
: : E s
K =5 =02 e =0.1F
-1
-10 =0.4 b -0.2F
L h L L L L
(a) (b) c) Om in 2n
¢ (rad)
1.0 T . 1.0
exp.
D c B — sim.
E 05F | 41 _ 05 \‘ s
ke Ly B y E
E A E / z I 2
% 0.01: ¥ F 2 00 ; g
£ " £ ; E
£ A
-05F 9 -05F 1
A CE
L 1 1 1 1
(d) -1 1 (@) Om inm 2Zn

0
Pa (kPa)

¢ (rad)

Pa (kPa)

FIG. 4. Phase-averaged momentum terms obtained from PIV for one oscillation cycle at a flow rate of 15 /min. Every second data point marked in a, b, and e. (a and b)
Momentum terms of Eq. (2). (c) Measured vs calculated FBT velocity uz using experimental pressure difference py. (d) Interaction flow ;... Vs pq. (€) Terms of Eq. (12) eval-
uated from measurement data. (f) Phase-space and nullclines of py and FBT massflow iz Dots indicate instantaneous data.

measurement location. Figure 4(c) shows that Eq. (4), evaluated using
the measured p,, well approximates the measured data.

To analyze the flows in the control volume, finite-time Lyapunov
exponents (FTLE)™ are computed from the velocity fields. Ridges in
the FTLE field represent mixing boundaries, referred to as Lagrangian
coherent structures (LCS), across which no fluid exchange occurs.
Based on this, the fluid of the main jet can be distinguished from fluid
originating from the feedback tubes or from downstream. In Fig. 5,
several secondary flows can be identified next to the main jet, which is
bounded by distinct LCS at all times. In Fig. 5B, the jet is attached to
the upper wall and fluid enters the control volume from the FBT at the
side where the jet is attached (FBT flow). Part of it joins the main jet
due to entrainment and leaves the control volume toward the outlet
(entrainment flow). On the detached side (lower wall in Fig. 5B), a
reverse, upstream directed flow develops, originating from the outlet.
Part of this reverse flow is entrained back toward the outlets. The
remaining fluid flows into the control port and enters the FBT (reverse
flow). This flow is enabled by the downstream increase in pressure, as
the jet decelerates toward the outlets.”””” When the jet just attaches to
the lower side (Fig. 5F), a small part of the jet stagnates against the
lower wall and fluid is diverted from the jet and redirected into the
associated control port (stagnation flow). Note that these flows are
dependent on the deflection of the jet, since the jet restricts or opens
up space for the flows: the reverse flow is inhibited when the jet takes
the center; the stagnation flow is only present at near-maximum
deflection.

Let us now use p,; as a “lumped” state variable of the jet vertical
deflection, pg o o, corresponding to the voltage variable in Eq. (1a).
The jet is modeled here as a flexible membrane, which divides the con-
trol volume into three sub-spaces: the jet itself, taking the role of the
membrane, and the top and lower halves of the remainder of the

control volume. These regions cannot interchange fluid directly, as
indicated by the LCS bounding the jet, forming a jet barrier capaci-
tance.”” Therefore, a change in the in- or outflow of mass to the two
parts of the control volume governs the temporal evolution of p;. We
introduce the interaction flow iy, as the resulting net flow from
reverse, entrainment and stagnation flows and associate it to the func-
tion (V) in Eq. (1a). The time-dependent balance of flows for one con-
trol port then reads

de = rhinter - m/bh (6)

representing the temporal derivative of py with capacitance C. g,
takes the role of the current i in Eq. (1a). Thus, Eq. (1b) represents the
temporal derivative of i1, directly resembling Eq. (4). The resulting
equation system adapted to the oscillator thus becomes

dpd

CW :f(Pd) - PAfbtusz, (7a)
dufbt _ 1 Lﬂ,,l/p
T pLﬂ” (Pd — 32 dfzbt upr |, (7b)

with f(pa) = #iuer. To visualize this idea, the electric circuit proposed
by Nagumo et al.”® is schematically adapted to the oscillator geometry
in Fig. 6.

While #i14; can be computed according to Eq. (4) from the veloc-
ity data as presented above, i1y, cannot easily be determined.
Particularly, the magnitude of the stagnation flow is nearly impossible
to obtain from experimental data, and no analytical assessment is
available here. Therefore, we performed a simulation of Eq. (7) using
the already derived parameters for Eq. (7b) and approximate f(py)
with a symmetric cubic polynomial (as commonly done in applications
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FIG. 5. Visualization of coherent flow structures inside the oscillator. Repelling (blue) and attracting (red) FTLE computed from the phase-averaged velocity fields. Colormap

and transparency adjusted to highlight regions of high FTLE.

of the FHN), f(pa) = pa(p’ — r) with root r, fitting the values for C
and the roots of the polynomial to the experimental data™ (Fig. 7).
With the thereby derived value for C, we calculate
= Cp, — ring, and compare it to the optimal polynomial in Fig. 4(d).
The measured data exhibit a clear cubic relationship alongside a
hysteresis and minor asymmetry. This is remarkable because the aver-
age flow fields show near perfect symmetry and equal flow distribution
between the outlets. Consequently, we assume the reason for the devia-
tion from the perfect model to be twofold: first, the secondary flows in
the control ports, summarized by ., are not necessarily strictly
two-dimensional, but could have three-dimensional components that
we were not able to measure with the 2D PIV setup. Second, those 3D
components could be amplified by small asymmetries in the geometry
of the oscillator model, due to manufacturing and assembly inaccura-
cies, and potentially asymmetric inflow conditions, e.g., due to swirl in

FIG. 6. Schematic electric-fluid equivalent circuit for the fluidic oscillator.

the inflow tubing. Note also that the accurate measurement and analy-
sis of flows of such small scale poses known challenges to (non-micro)
PIV. Nevertheless, the cubic approximation will be valuable for the
use in the FHN equations. Figure 4(e) presents the obtained terms of
Eq. (7a).

Concluding, a switching half-cycle, ie., the transition of the jet
from the upper to lower wall, is composed of the following steps (the
letters correspond to the markings in Fig. 4 and the subfigures of
Fig. 5):

_ 0.1
g
= 0.0
]
3
=0.1
b) 0.0 0.2 0.4
(b) tish
=
= 10°
g 100 4
(c) 10° 100 (d) 1
L (m) e (m)

FIG. 7. Experimental vs simulated (a) py and (b) ug:. Experimental and simulated
switching frequency with different FBT (c) length and (d) diameter.
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(A) The jet is fully attached; rizg, is lightly developed, feeding fluid
to the attached port, and p, is decreasing consequently.

(B) A thin layer of fluid forms between upper wall and jet, remov-
ing volume from upper port.

(C) gy increases until py approaches zero [Fig. 4(c)].

(D) The jet centers between walls and interrupts the upstream flow
at the lower port; the upper port is opened to supply from
downstream; thus, the interaction flow decreases sharply; rizg,;
is still transporting fluid from the lower port to the upper port.
The pressure gradient changes direction.

(E) The pressure rapidly decreases at the lower port and the jet
simultaneously bends into the new direction.

(F) A stagnation streamline forms against the wall and e
changes sign again, limiting the maximum value and even
relaxing p,.

Figure 8 (Multimedia view) displays a full switching cycle of the
most relevant terms and the corresponding FTLE fields in an animated
fashion. The phase-space and the resulting nullclines it = p, = 0 of
the identified system are shown in Fig. 4(f).

Comparing these observations to results reported for other oscil-
lator types shows significant differences. For the sweeping jet oscillator,
the separation of the jet from the wall was found to be due to a separa-
tion bubble filled up by FBT fluid.”' In that case, the dynamic relies on
the integral of the FBT flow rather than on its amplitude, as is the case
reported here.

The geometrical parameters of the oscillator are known to influ-
ence the oscillation frequency, particularly the FBT length and

(a)

FTLE field visualization
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diameter."””*"* Due to the non-linearity in f(p,), the oscillation fre-
quency cannot be obtained analytically from Eq. (7). Thus, we perform
simulations with varying Lg, in Eq. (7b) and extract the oscillation fre-
quency using Fast Fourier Transform. The predicted frequencies align
closely with the experimental values and are consistent with previously
published data 22532 [Fig. 7(c)].

Experimentally, a change in the FBT diameter is realized in such
a way that the control port size is kept constant and the tube diameter
enlarges after a short distance. To address this, Eq. (7b) needs to be
expanded to

Ouy Ou, 1( op
2| ——d ——ds=—| =-d 8
.[l‘ ot S—~_.[L—2ll ot : P.[L 0Os > ®

where [; is the part of the FBT with original diameter and L — 2/, is
the part with the varied diameter. We neglect /; by assuming /; < L;
thus, Eq. (8) becomes

du 1 (d3 )
Zzﬁ d—%pd—m . 9)

Again, good agreement is achieved, though the range of experimentally
accessible diameters was limited due to technical reasons [Fig. 7(d)].
The simulated frequencies are slightly but consistently higher than the
measured data. This can be attributed to additional losses due to the
changes in cross section and additional bends of the FBT due to
manufacturing restrictions, which are unaddressed in the simulation
model. This is consistent with the observation that the deviation
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FIG. 8. Animated display of a full switching cycle including: (a) the FTLE fields; (b) equivalent circuit, where arrow directions and length correspond to the value of the parame-
ter; (c) pressure force and outflowing momentum (shaded areas correspond to two times the respective standard deviation); (d) terms of Eq. (7a); and (e) the relationship

between py and the interaction mass flow, ;... Multimedia available online.
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between simulated and measured data slightly widens with smaller
FBT diameters.

Another influence on the switching frequency is the inlet
Reynolds number, Re;, = d’”y"’" , with the bulk inlet velocity u;, and the
scale of the oscillator, represented by the inlet nozzle diameter, d;,.
However, these effects are competing. An increase in inlet velocity
increases the oscillation frequency and an increase in size lowers the
frequency, despite both increasing Re;,, >’ This aligns with the princi-
ples of scaling, which state that the characteristic frequency of any
device is inversely proportional to its size. Figure 9 shows that the
waveform of the phase-averaged port pressure difference is preserved
over the investigated range of Re;,, indicating that f(p;) may scale in a
linear and self-similar manner with respect to Re;,.

IV. CONCLUSION

We demonstrated the applicability of the FHN equations for the
modeling of fluidic oscillators based on the fluid amplifier principle.
Experimental data showed that complex flows inside the oscillator are
responsible for the development of the oscillations instead of an acous-
tic feedback. The non-harmonic output of the oscillator is due to the
non-linearity arising from the self-accelerating attachment of the jet to
the side walls. The characteristics of the FBT flow, which takes the role
of the relaxation variable, were successfully connected to fluid proper-
ties and the geometry details. The length and diameter of the FBT are
confirmed to control the switching frequency, but based on different
effects as previously reported. The model-predicted oscillation fre-
quencies are in quantitative agreement with the measurements despite
the approximated assumption of a pure polynomial for f (p,).

Certainly, several questions remain open, including the modeling
of Reynolds number dependence; a direct evaluation of f(p,) and the
dependence of the latter on geometrical parameters; and the ability of
the model to capture transient effects. On a practical level, the model
may be used to guide design decisions, e.g., choosing appropriate FBT
parameters for a desired frequency. For applications involving the con-
trol of the oscillator flow or using the oscillator to control external
flows, the FHN model may provide valuable insight into the dynamics
and may enhance the applicability in new areas, such as the emerging
field of soft robotics.”
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FIG. 9. Experimentally obtained, phase-averaged, normalized port pressure differ-
ence pg for various Rejp.
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Building on the foundational knowledge laid out by the previous two papers,
the third paper applies the derived insights to the practical hydrodynamic
problem: flow separation on a ship rudder. By equipping different rudder
models with AFC systems that use fluidic oscillators, the study demonstrates
significant improvements in delaying flow separation and enhancing lift forces.
This application is particularly relevant given the maritime industry’s focus on
reducing fuel consumption and emissions. The comparative analysis between
aerodynamic and hydrodynamic applications of AFC highlights the unique
challenges and opportunities in each field, providing a comprehensive perspective
on the versatility and potential of AFC technologies in a maritime context.

28


https://doi.org/10.1080/09377255.2023.2275373

SHIP TECHNOLOGY RESEARCH (SCHIFFSTECHNIK)
https://doi.org/10.1080/09377255.2023.2275373

Taylor &Francis
Taylor & Francis Group

'.) Check for updates

Active flow control applied to a ship rudder model

Matthias Fromm

2 Tobias Bestier®, Soren Briins®, Jorn Kroger®, Florian Kluwe®, Alexander Hylla®,

Farhan Matin, Avraham “Avi” Seifert® and Sven Grundmann?

?Institute of Fluid Dynamics, University of Rostock, Rostock, Germany; bHamburgische Schiffbau-Versuchsanstalt GmbH, Hamburg Ship
Model Basin, Hamburg, Germany; “Damen Marine Components, Van der Velden Barkemeyer GmbH, Hamburg, Germany; 9Meadow
Aerodynamics Laboratory, School of Mechanical Engineering, Faculty of Engineering, Tel Aviv University, Tel Aviv, Israel

ABSTRACT

The improvement of the performance and efficiency of hydrodynamic control surfaces such as
ship rudders is a long sought goal, given economic considerations and the ecological impact of
the shipping sector. One major problem limiting the performance of rudders is flow separation
at high deflection angles. In this paper, we address this problem using active flow control, a
technique first proposed in aerodynamics. A small scale and a large-scale rudder model with
realistic geometry were manufactured and equipped with an active flow control system
employing the method of pulsed blowing. The actuation system was extensively
characterized. Towing tank experiments were conducted up to a Reynolds number of
1.33 x 10°. Data included force measurements for the large-scale model and flow field and
force measurements for the small-scale model. The impact of the active control on the flow
fields around the small-scale model was characterized. The delay of the flow separation
towards a higher angle of attack, accompanied with an increase of the maximum lift forces,
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was demonstrated for both models.

1. Introduction

Reducing the fuel consumption of all kinds of vehicles
has been one of the central answers to the challenge of
reducing greenhouse gas emissions and global warm-
ing. In this context, fluid mechanics research faces the
difficult task of developing more efficient lift and con-
trol surfaces (or flow exposed geometries in general),
since the reduction of drag directly translates to
reduced fuel consumption.

The application of Active Flow Control (AFC) has
been proposed as a promising approach towards this
goal. AFC is the modification of the natural flow state
of some body using a form of local energy input to the
boundary layer. AFC can be used for a number of targets,
including noise reduction, thrust vectoring or mixing
enhancement. The most important application in the
context of wings and control surfaces is the suppression
and delay of flow separation. With the delay of separ-
ation or reattachment of separated flow, lift and drag
characteristics of aerodynamic surfaces can be improved.
This has been impressively demonstrated several times
in the context of aerodynamic problems, from simplified
lab flow settings to full-scale investigations on airplanes
and trucks (Seifert et al. 1993, 2009; Lin et al. 2016; Wha-
len et al. 2016; Andino et al. 2015; Schloesser et al. 2019;
Seele et al. 2012).

Ship rudders and other hydrodynamic control sur-
faces are subject to flow separation as well, limiting,

e.g. the maximum steering forces and consequently
the ability to maneuver. Additionally, typical rudders
are designed for loads occurring only for very short
durations, e.g. during harbour maneuvers, and most
of the time the ship’s rudder is deflected at small
Angles of Attack (AoA) only (Zelazny 2014). Despite
this, drag is obviously created the entire time the
ship is moving, which is a situation similar to the ver-
tical tail of commercial aircraft, where AFC has been
successfully demonstrated (Andino et al. 2019; Wha-
len et al. 2016). If the hydrodynamic performance of
a ship rudder would be enhanced by employing
AFC, several scenarios are possible: Without modify-
ing the original rudder geometry and size, higher
forces can be obtained when the AFC system is oper-
ated, leading to a narrower turning radius and
enhanced maneuverability in critical situations.
Another option is to reduce the size of the rudder in
the same amount the AFC system is able to increase
the steering force, thus leading to reduced drag force
at all conditions due to the smaller size. In both
cases, the AFC system is only operated when needed
and energy is only invested during operation. See
Liu and Hekkenberg (2017) for a comprehensive
review of ship rudder design and operating conditions.

There are some differences between an AFC appli-
cation on an aircraft and the hydrodynamic appli-
cation proposed in the current work. The foil
geometries used for ship rudders are usually of high
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thickness but comparatively low aspect ratio. The rud-
der operates in the wake of the ships hull and the slip-
stream of the propeller, which leads to a high degree of
flow inhomogeneity and strong cross-flow com-
ponents. Typical full-scale chord-length rudder Rey-
nolds numbers can vary between 5 x 10° for small
yachts and 1 x 108 for large, fast vessels (Liu and Hek-
kenberg 2017; Molland and Turnock 2011). Surface
effects may influence the performance of the rudder,
up to the point where the rudder is only partly sub-
merged when the ship operates in ballast conditions.

The available literature in this field covers only a
limited scope. Constant blowing techniques employ-
ing the Coanda effect were investigated on flapped
rudders (Oh et al. 2003; Choi and Kim 2004; Ahn
et al. 1999, 2004; Gim 2017) and horn-type rudders
(Seo et al. 2017). However, these investigations were
conducted at low Reynolds numbers, used small
scale models and mostly investigated the properties
of the infinite foil using endplates. Pulsed blowing,
the state-of-the-art method of aerodynamic AFC, has
not been applied so far for realistic ship rudder geome-
tries at relevant Reynolds numbers.

In this paper, we aim to demonstrate the potential
for the use of AFC in the maritime sector, specifically
on a ship rudder. We develop and examine a novel
AFC system for the control of flow separation on a
small-scale and a near full-scale flap-less ship rudder
model. The central aspect is to demonstrate the feasi-
bility and benefits of applying AFC to a ship rudder
model. In this work, the rudder model geometry and
experimental setup were chosen to be as close as poss-
ible to the geometry and aspect ratio of full-scale ship
rudders and will be investigated without a hull or pro-
peller up front. Measurements of lift and drag forces
and the corresponding flow field around the models
were used to investigate the influence of varying actua-
tion intensities quantitatively and qualitatively. The
small-scale model was used for extensive experiments
including Particle Image Velocimetry (PIV) and force
measurements in a small towing tank. The large-scale
model was investigated in a large towing tank and
serves as a validation of the small-scale experiments
at higher Reynolds numbers and near-full size system
operation.

The outline of the paper is as follows. The current
state of the art of AFC for aerodynamic applications
will be reviewd in Section 2. This summary is not
meant to be exhaustive, but to provide an introduction
and context to the system developed in this study. For
an in-depth review of the topic, the reader is referred
to, e.g. (Greenblatt and Wygnanski 2000; Scott Collis
et al. 2004). The small-scale rudder model and the
actuation system proposed for this model are pre-
sented in Sections 3 and 4 presents the small-scale
experimental setup. The actuation system is described
in Section 5. The small-scale towing experiments are

presented and discussed in Section 6. In Section 7,
the large-scale model, a limited characterization of
its actuation system and the corresponding towing
tank results are presented. The conclusions can be
found in Section 8.

2. Introduction to active flow control

In the following, the current state of the art of Active
Flow Control (AFC) technology as well as relevant
fluid mechanics background will be briefly summar-
ized. Following the roadmap proposed by Scott Collis
et al. (2004) for the development of new AFC appli-
cations, the target, mechanism, method and enabling
technology will be assessed for the actuation system
of the rudder model. The target of the system in devel-
opment is Boundary Layer (BL) separation control.
Flow separation is the detachment of the flow along
a surface from that surface, accompanied by near
wall reversed flow downstream of the separation
point. This separation point is defined as the point
with zero wall normal velocity gradient, i.e. where
the wall shear stress approaches zero, namely:

du
Twall = nIyZO (1)

Hence, the mechanism to delay BL separation is to
enhance near-wall streamwise momentum upstream
of the natural separation point. This enables the
boundary layer to surmount an adverse pressure gra-
dient and to reach the inviscid performance limit of
the aerodynamic surface (Scott Collis et al. 2004).
Over the last decades, a number of methods emerged
to achieve skin friction enhancement. Today, the
method considered as the most mature and capable
is the addition of momentum flux into the boundary
layer on the suction side of the foil using a net mass
flow, combined with redistribution of momentum
inside the boundary layer. The latter is achieved by
introducing unsteady momentum and thereby creat-
ing favourable vortex structures which transport
high momentum fluid from the outer region of the
flow closer to the wall. This method is commonly
referred to as Pulsed-Jet-Actuation (PJA). With
sufficient addition or redistribution of momentum, a
naturally occurring flow separation can be partly or
fully suppressed. If, following complete flow attach-
ment, the level of momentum addition is further
increased, the forces acting on the foil increase further
as well. This operation regime is termed circulation
control, and the only limit for the resulting forces is
the availability of the power source. It should be
noted though, that the efficiency, that is, the relative
increase of the lifting force times the freestream vel-
ocity per invested input power, is reported to diminish
sharply in this regime (Scott Collis et al. 2004).



The enabling technology for the use of PJA is a suit-
able actuation system. In general, high momentum
fluid jets are introduced into the boundary layer
through tangential slots or openings in the surface of
the foil. For the creation of the unsteady jets, fluidic
oscillators have been proposed as a simple and reliable
alternative to fast-switching valves, with extensive
research exploring different actuator designs and par-
ticular implementations in bench top (Arwatz
et al. 2008), prototype (Seifert et al. 2004) and full
scale (Seifert et al. 2009; Lin et al. 2016; Seele
et al. 2012) studies. The development of fluidic oscil-
lators started in the 1960’s, attributed to Spyropou-
los (1964) and Warren (1962), for usage in fluid
logic systems. Their common characteristic is the abil-
ity to create temporally and spatially alternating jets
from a steady-state input, without any moving com-
ponents at play. This behaviour is achieved using a
diverging geometry with a bi-stable flow regime and
an internal feedback mechanism, which varies from
device to device. The actuator used in this work is
based on the oscillator design proposed by Arwatz
et al. (2008) and is described in the following.

The geometric configuration enabling the self-sus-
tained oscillations is rather simple and essentially
two-dimensional. Figure 1 shows the internal flow
field inside the device. An inlet nozzle supplies fluid
into a chamber formed by two diverging walls which
lead to two outlets. The outlets are separated by a split-
ter. Where the nozzle and the interaction chamber
join, channels are connected to both sides of the noz-
zle. The area where the entrance channel splits into the
two outlets and the channel exits merge is termed con-
trol port. The two control ports are connected by a
feedback tube made of a flexible tube or a channel
machined using (for example) additive manufactur-
ing. The continuous inlet jet attaches due to the
Coanda effect to one of two diverging walls

Feedback tube

-

Outlet 1
Splitter

Outlet 2

Attachment wall

\

Figure 1. Schematic geometry and phase-averaged velocity
magnitude of the internal flow field of the fluidic oscillator
employed in this study at a phase angle of 0° at a flow rate
of 151/min and an oscillation frequency of 2 Hz. The width
of the inlet nozzle is 5 mm. Velocity field measured in bench-
top experiments by the authors.
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downstream of the inlet. In the course of the operation
of the device, the jet switches between the attachment
walls and subsequent outlets, emitting alternating
pulses through the outlets. The relevant geometry in
the diverter stage is 2.5-dimensional, i.e. it is sym-
metrical to the two-dimensional plane with the same
distance to the floor and ceiling of the device. The
last stage is the outlet nozzle, with the nozzle compris-
ing two outlets. The outlet openings would be con-
nected to the surface to be controlled, with the
actuator mounted below that surface. The oscillation
frequency, i.e. the frequency with which the jet
switches between the outlets, increases with the flow
rate and is inversely proportional to the length and
width of the feedback tube. Thus, the achievable fre-
quency in dependence of the flow rate can be easily
adapted by adjusting the feedback tube parameters
to investigate and provide optimal parameters.
Several dimensionless quantities have been defined
in the literature to characterize and quantify an actua-
tion system. The most important are, without particu-
lar order, the momentum coefficient, the reduced
frequency and the velocity ratio. The momentum
coefficient C,, is defined as the ratio of the momentum
of the actuation jet and the freestream (Greenblatt and
Wygnanski 2000). For incompressible conditions, it is
u?etZS

C,=——. 2
k7 0.5u2C @

In this equation, u is the excitation jet velocity, I is
the streamwise length of the actuation slot, u is the
freestream velocity and C is the airfoil chord length.
The reduced frequency is defined in analogy to the
Strouhal number,

Uoo
?)
where f is the excitation frequency. It can be inter-
preted as the number of coherent flow structures
above the foil. Optimal F* are of order of unity, but
slightly different results have been reported for differ-
ent applications. In general, a broad range of F* is
expected to be effective (Greenblatt and
Wygnanski 2000).

For assessing the efficiency of an actuation system,
several figures of merit have been proposed by Sei-
fert (2014). The Aerodynamic Figure of Merit
(AFM) is defined as

Fr=f 3)

Fruc /(Fptics + Prya)
Fro/Fpo

where 1, is the freestream velocity; Fy is the lift force;
Fp is the drag force; and F1 o and Fp refer to the base-
line values of the lift and drag force, respectively. The
hydraulic power can be calculated by

AFM =

(4)

Pyya = VAp (5)
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where V is the volume flow rate of the actuation sys-
tem and Ap is the inlet pressure to the actuation sys-
tem. The AFM can be used to assess the net energy
efficiency of the actuation system. AFM greater than
unity indicate a power saving by operating the actua-
tion system. Additionally, the hydraulic power of the
system can be compared to the freestream power by
computing the power coefficient (Seifert et al. 1998)

Py

Cp=—"—"—7—+,
£ 0.5pSu3,

(6)
where S is the planview area of the foil and p is the
fluid density.

The effect of a given actuation intensity is depen-
dent on the freestream velocity (as follows from
Equation 2) and on the Reynolds number,

_ UeC

Re , (7)
v

where C is the chord length of the rudder or foil in
general, v is the kinematic viscosity and u is again
the freestream velocity.

3. Small scale rudder model and actuation
system

The rudder foil geometry used in this study is based on
a proprietary design by Damen Marine Components,
which closely resembles a NACA 0024. The small
scale model has a chord length of 0.291m and a
span of 0.42 m, resulting in an aspect ratio of 1.44.
The small-scale model upper edge is flat, and the
lower edge is slightly rounded to reduce end effects.
Pulsed jets, driven by a fluidic oscillator, are chosen
as the method for the flow excitation. For experimen-
tal simplicity, the system is installed only on one side
of the model, i.e. on the suction side considering the
towing direction. The system consists of two indepen-
dent chambers inside the leading edge of the rudder
model. A single fluidic oscillator is used to supply all
slots in both chambers with fluid, with each chamber
connected to one outlet of the oscillator. The oscillator
is positioned outside of the rudder model, for simpli-
city. Each chamber has 6 outlet slots to the rudder sur-
face. Each slot has a rectangular cross-section and is
0.9mm wide and 19mm long. The slot outlet angle is
30° to the tangent of the rudder surface. Along the
span, every other slot is connected to the same
chamber. In the chordwise direction, the slots are
located at x/c = 0.24. The slots are evenly distributed
along the span, covering 55% of the total span. Figure 2
shows a crosssection of the leading edge of the model,
showing the chambers and the connection to the out-
let slots.

The rudder model and oscillator are manufactured
using 3D printing from PETG and are post-processed
with epoxy resin and coating. Connections between

Figure 2. Cross-section of the leading edge of the rudder
model with projected geometry details of the two chambers.
Each chamber is connected to alternative exits of the
oscillator.

the oscillator and rudder model as well as to the supply
pump are realized using flexible tubing and CAM-
LOCK joints. Figure 3 shows the entire setup.

Three different feedback tubes for the oscillator are
investigated providing three different ranges between
flow rate and frequency. It is anticipated that, in a
real world system, the oscillator might be replaced
by several oscillators and might be positioned inside
the rudder model. If both sides of the model shall be
actuated, a total of four chambers are necessary and
at least two oscillators.

4. Small-scale towing tank experimental
setup

The small-scale towing tank experiments are con-
ducted at the towing tank at the University of Rostock.
The tank is 37 m long, 5 m wide and has a water depth
of 3 m. Three different setups are employed to acquire
the characteristics of the actuation system.

In the first setup, the rudder model is mounted ver-
tically and submerged well below the water surfacein a
quiescent environment. By aligning the light sheet of
the Particle Image Velocimetry (PIV) system parallel
to the rudder camber line, the flow induced by the
actuation jets is measured. This allows for the quantifi-
cation of the distribution, coherence, and impact of
the actuation jets on the surrounding flow field.

In the second setup, the towed rudder model is
mounted vertically just below the water surface, with
the upper edge of the rudder aligning with the surface.
The model is mounted to a high-fidelity force balance.
This force balance consists of four three-component
piezoelectric force transducers, precisely positioned
between rigid plates made from aluminum, allowing
for accurate force measurements in multiple
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Figure 3. Actuation system periphery and sensor setup.

directions. The AoA can be changed by rotating the
model relative to the force balance. During the exper-
iment, the model is towed along the tank at constant
velocity. The resulting lift and drag forces on the rud-
der model, influenced by the applied actuation, are
measured using the force balance.

This configuration is used as well for the character-
ization of the actuation system. For this purpose, inlet
flow rate, inlet pressure and forces are measured with
the towing carriage at rest. The frequency of the oscil-
lations is determined by computing the FFT of the
forces which result from the jet switching, ie. the
thrust induced by the actuation system.

The third setup is used to acquire the 2D flow fields
of streamwise slices on the suction side of the model
using PIV. To achieve this, the model is mounted hori-
zontally on a vertical strut, with the leading edge in
streamwise direction, and then towed through the
tank. It is submerged four times the model chord
length, to eliminate possible surface effects. Thus, the
flow fields of setups two and three are expected to be
similar. In this configuration, the AoA is adjusted by
pivoting the vertical strut. The light sheet is positioned
at half of the span width and aligned with the centre of
a blowing slot, such that the actuation jet emitted from
the slot can be captured. The flow field is expected to
be mostly two-dimensional at this position at half of
the span of the model.

In each of the setups, a centrifugal pump with a
maximum flow rate of 1000 liters per minute provides
the supply flow to the actuation system. A simple
bypass system is used to adjust the volume flow rate
fed to the actuation system, allowing for fine-tuning
of the actuation parameters. Industry-grade sensors
measure the inlet pressure and supply flow rate with
resolutions of 0.5 kPa and 0.1 I/min, respectively.
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From towing

tank

The towing experiments are conducted in indepen-
dent runs. Each run consists of a single parameter
configuration which is kept constant over the duration
of the run. All small-scale experiments are conducted
at a constant Reynolds number of 144,000 corre-
sponding to a freestream velocity of 0.5 m/s, which
leads to a measurement duration of about 40s of
steady state conditions. The choice of the Reynolds
number for the small model is guided by technical
aspects and the minimization of the influence of the
free surface. The large scale model will validate these
results at significantly higher Reynolds number (see
Section 7).

4.1. Piezoelectric force balance

Four three-component piezoelectric force transdu-
cers manufactured by Kistler (Kistler Instrumente
GmbH, Germany) are employed to measure the
forces on the rudder model. These transducers are
carefully positioned between rigid aluminum plates
with a thickness of 35 mm. The bottom plate is con-
nected to the towing car, while the top plate holds a
L-shaped beam where the model is fixated. In this
configuration, forces can be measured with an
error of less than 1% for loads above 1N, with a
maximum load of 5kN in each direction. The
force transducers are connected to a charge amplifier
module, which is connected to an Analog-to-Digital
conversion device (cRIO-chassis, National Instru-
ments). For the presented measurements, the
sampling rate is set to f; = 1638 Hz, resulting in a
Nyquist frequency of f=819 Hz. The amplifier mod-
ule incorporates a built-in analog high-pass filter
which reduces the natural relaxation of the piezo-
electric charges.
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The acquisition routine is as follows: For each
run, the data acquisition is started approximately
10s before starting the carriage towing movement,
and after reaching the end of the tank another
additional 10 seconds are recorded. During post-
processing, a peak detection routine identifies the
start and end of the measurement from the deriva-
tive of the sum of the lift and drag forces, i.e. the
acceleration acting on the model. To improve the
reliability of the identification routine, the force sig-
nal is low-pass filtered using a standard third-order
Butterworth filter applied forward and backward.
The calculation of the lift and drag forces is done
using the unfiltered data. With this procedure, lin-
ear drifts due to temperature effects and the offset
of the amplification system can be assessed and cor-
rected in a next step before calculating the time-
averaged drag and lift coefficients.

When the actuation system is operated, the force
measurement is zeroed with the actuation system
operating but before starting the towing movement.
Thus, all forces induced by the jets are zeroed out,
and only forces related to the flow field are
measured. This gives a conservative estimate of
the system performance, since the thrust of the
jets acts, depending on the AoA, mainly in stream-
wise direction and thus further reduces the overall
drag force.

In all configurations, it is verified that the inlet
pressure and flow rate do not change after the towing
movement is started, to assure the actuation system
operation is not dependent on the changing pressure
distribution on the foil surface.

4.2. Underwater PIV

A state-of-the-art commercial PIV system manufac-
tured by LaVision (LaVision GmbH, Germany) is
used to measure the velocity field around the rud-
der model. The system is operated in 2D-2C
mode, capturing the two-dimensional velocity field
on a defined plane, by recording pairs of consecu-
tive images of tracer particles carried by the fluid
flow. The system incorporates a submerged tor-
pedo-like structure housing the cameras, while a
separate vertical tube holds the laser beam optics.
The laser source used is a Nd:YAG EverGreen
200 laser, emitting at a wavelength of 532nm
with a maximum pulse energy of 200 mJ. The cam-
era utilized is an IMAGER SX 5M with a high-res-
olution 5 Megapixel sensor. The field of view is
304.6x342.1 mm?. The entire system is mounted
on the towing carriage. The laser head and periph-
erals are attached to the carriage and a mirror
arrangement is used to direct the laser beam to
the light sheet optics. To provide tracer particles,
the tank water is seeded with Vestosint polyamide

particles with 100 m diameter. The seeding density
of the tank is manually monitored and adjusted
between runs to maintain optimal particle concen-
tration and mitigate the settling of particles.

Double frames are recorded at a rate of 12.95 Hz.
The velocity of the flow is then calculated from the dis-
placement of the particles between two images. The At
between the image pairs is adjusted to the individual
experiments. While the optical resolution of the cam-
era is sufficient to capture the actuation jets, the high
velocity gradient between jet and freestream makes
the choice for an optimal At in the PIV double images
difficult. The At is thus adjusted to the freestream vel-
ocity. Computation of the vector fields is done in the
Davis software suite (LaVision GmbH). A standard
multi-pass PIV algorithm is used with a final interrog-
ation area size of 16 x 16 or 32x 32 pixels, depending
on the setup, and a constant overlap of 50% in both
x and y direction. This equates to a final resolution
of 0.98 mm by 0.98 mm and 1.97 mm by 1.97 mm,
respectively. The subsequent data analysis is
implemented in Python.

The acquisition routine for the towing experiments
is similar to the one employed for the force measure-
ments and the transient stages of each run are
recorded as well. The steady state flow field is then
extracted by computing the Proper Orthogonal
Decomposition of the entire run. Of the resulting
modes, the first one represents the shifting ‘mean’ of
the flow. The temporal derivative of the coefficient
of this mode is used to detect start and end of the
movement with a peak detection routine. A fixed
number of 456 consecutive snapshots is then extracted
from the steady-state, fully-developed flow. For the
actuation system characterization in setup 1, 4541
snapshots are collected in one measurement for a
single flow rate of 20 /min (Figures 4-8).

4.3. Proper orthogonal decomposition (POD)

The POD (Berkooz et al. 1993) is used in this paper to
analyse the coherent flow structures above the rudder
model and serves as a tool for identification of changes
in the flow field, i.e. for identification of the start and
end of a measurement from PIV data. The POD
decomposes a dataset D(%, t) of snapshots into a com-
bination of time-dependent coefficients a;(¢) and an
orthonormal basis of spatial modes @ such that the
dataset may be reconstructed by the linear combi-
nation D = ), a;(t)®;. Singular value decomposition
is used for computing the modes and coefficients,
where matrix U is decomposed into left- and right-
hand eigenvectors and singular values: U = AS V™.
Then, the individual modes are the columns of the
left-hand eigenvectors, ¢; = AT, and the associated
energy e; of the i-th mode is the square of its singular
value e; = Eiz. The coefficients are obtained by
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Figure 4. Small scale rudder model mounted horizontally on the towing tank carriage in the second PIV setup.
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Figure 5. Raw PIV particle image of setup 2.

multiplication of the singular values with the right-
hand eigenvectors, a; = 2, V.

5. Actuation system characterization

The following section provides details of the charac-
teristics of the actuation system. The flow rate through

the system is measured against the inlet pressure. The
frequency of the oscillation measured in setup 1 is lin-
early dependent on the inlet flow rate, in good
approximation. The hydraulic power and C,, increase
cubic and quadratic, respectively, with the flow rate.
For C,, smaller than 2.5 %, the corresponding hydrau-
lic power is almost negligible. To achieve a C,, of 15 %,
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Figure 6. Inlet flow rate versus inlet pressure for the three
different feedback tubes.
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Figure 7. Oscillation frequency versus inlet flow rate for three
different feedback tubes.

which is considered very high in the context of airfoil
flow control, a modest 12.5 W of Py, is needed, giving
a power coefficient Cg of 1.65.

The time-averaged flow field measured in setup 2 at
a flow rate of 20 I/min is displayed in Figure 9. The
streamwise and cross-stream velocity components
clearly show the jets. Each jet entrains fluid from the
sides towards the centre of the jet. A slight upwards
directed trend is visible, most notably in the crossjet
direction. This is attributed to the slight difference in
temperature between the jet water and the tank
water, since the jet water is heated the pump. Note
that the cross-stream velocity is an order of magnitude
smaller than the magnitude of the streamwise direc-
tion, and thus this effect is considered negligible

Cul%)
Prya (W)

V (fmin)

Figure 8. Momentum coefficient C,, and hydraulic power of
the actuation system calculated from input pressure and
inlet flow rate.

with respect to the performance of the AFC system.
The jets start interacting with each other approxi-
mately four slot widths downstream of the nozzles.
Since the sampling frequency of the PIV is of the
same order of magnitude as the oscillation frequency,
no time-resolved information is available.

In order to gain insight into the dynamical process
and the coherent structures of the jet switching, the
POD is computed. The first two POD modes com-
puted from this flow field presented in Figure 10
show the alternating operation of the adjacent AFC
jet openings. Mode 1 represents the fully developed
jet and mode 2 the jet switching. Every other slot is
operated at the same time. The frequency spectra of
the coefficients of these two modes are closely tied
together, indicating they describe the same phenom-
ena (see Figure 11). A smooth Lissajous figure is
formed between the coeflicients of mode 1 and 2, indi-
cating that the jet switching is remarkably stable and
undergoes only slight cycle-to-cycle variations (see
Figure 12).

6. Small scale towing tank experimental
results

The baseline lift and drag polars obtained for the rud-
der model are shown in Figure 13. The baseline was
measured with the slots open and the slots taped, to
assess the potential detrimental influence of the open
slots on the flow. It is found that the open slots have
a minor influence only. Particularly, they do not
increase the drag at AoA=0°. For validation, the polars
obtained using Xfoil are also shown in Figure 13. For
the infinite foil, much higher C; are expected. A cor-
rection for the aspect ratio can be achieved by scaling
the data using Cp o = CLA/(A + 2), where A is the
aspect ratio, A =1I/c. When this is applied to the
Xfoil data, the slopes of the curves agree with each
other. The separation angle is determined to be 26°
for the baseline flow with a maximum C;, of 0.85, fol-
lowed by a relatively sharp decline of C;.

A total of 63 runs investigating the influence of the
C,, are presented in Figures 14 and 15. The coeflicient
of lift before the separation angle (o, = 25°) remains
unchanged for C, smaller than 1%, and the delay of
separation by a maximum of 2° can be obtained,
accompanied by an increase in Cy ;. and a reduction
of Cp as long as the separation is delayed, at the
expense of an increased drag at post-stall. Note that
the post-stall C; for these C, remains 20% higher
than the baseline C;. As C, is increased beyond 2 %,
the C; of the linear region of the polar is increased.
The separation is delayed further, and a strong
increase in Cpax up to Cp =122 at 14.7% C, is
achieved. The pre-stall lift increment comes with
increased drag in the linear region as well as in post-
stall. However, there remains a range of angles for
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Figure 9. Mean velocity on the tangent plane above the rudder surface in streamwise (left) and cross-stream (right) direction
measured by PIV in the vertical setup at a flow rate of 201/min with feedback tube L. The black lines mark the leading edge

and the position of the slots.

every C, where the drag is always reduced compared
to the baseline at increased lift conditions. This com-
parison is presented in Figure 16, where the delta C;,
is displayed for the corresponding C,, for the individ-
ual AoAs.

In the following, the corresponding flow fields for
the parameters presented above are discussed. PIV
measurements are available for AoA’s of 25°, 27°,
28° and 30°. Figure 17 shows the baseline flow fields
for all investigated AoA. At acpmax, 25°, the flow
fields exhibit a small separation bubble at the trailing
edge. At 28°, where the lift is reduced by 19% com-
pared to Cp . the separation bubble covers the last
30% of the chord. The separation increases to almost
50% of the chord at 30°, where the lift dropped to
63% of Cpax. Note that the flow remains attached
and the boundary layer remains intact on the first
20% of the chord for all the investigated AoA.

The AoA of 28° is chosen in the following to discuss
the effect of the actuation (see Figure 18). The baseline
flow (C,=0) shows a large separation bubble and a
large area of decelerated flow above the rudder’s suc-
tion side, starting almost from the leading edge. As
the actuation is applied with increasing actuation
intensity, the separation bubble decreases in size and
length until it completely vanishes at C,= 4.2%. At
the same time, the actuation jet starts to be visible as
a high-velocity streak above the surface at C,=2.4%
At high C,, above 6.5%, the high momentum leads
to an extension of the jet flow beyond the trailing edge.

This observation can be further refined by investi-
gating the boundary layer on the suction side of the
foil. Figure 19 shows the velocity profiles of the
boundary layer extracted from the time-averaged
flow field measured by PIV, for an AoA of 28°. An
individual line is drawn for each variation in C,.

LE Slots
T T T
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Figure 10. POD modes 1 and 2 of the flow field on the tangent plane above the rudder surface measured by PIV in the vertical
setup at a flow rate of 20 I/min with feedback tube L. The black lines mark the leading edge and the position of the slots.
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Figure 11. Power Spectral Density estimated using Welch's
method of the coefficients of POD modes 1 and 2.
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Figure 12. Lissajous figure of the coefficients of POD modes 1
and 2.

Upstream of the slot, the profiles remain unchanged
independent of C,. The baseline boundary layer can
be observed to decelerate and to increase in thickness

along the surface. Downstream of the excitation
location at x/c=24%, the jet can be clearly seen to
increase the velocity at the wall. The mean velocity is
increased exceeding the freestream velocity for C,
equal to 4.2% and greater. At the trailing edge, the
baseline profile is heavily decelerated and a recircula-
tion region can be identified. The actuation is able to
restore and significantly thin the boundary layer
above the trailing third of the foil, and for the two
highest C, investigated, the wall jet keeps a magnitude
above the freestream velocity even at the trailing edge.
More insight to this aspect can be gained by analys-
ing the Power Spectral Density (PSD) of the velocity
magnitude close to the surface as shown in Figure 20.
The baseline flow exhibits a peak at a Strouhal number
of 0.5. However, for C,, between 0.3% and 2.4%, power
is contained at the baseline frequency as well as at
much lower frequencies corresponding to a Strouhal
number smaller than 0.3. For C, larger than 4.2%,
the flow is dominated by the actuation frequency.
Figure 21 shows the influence of the actuation of
the wake of the rudder model at an AoA of 27°. The
baseline flow and for C, < 1%, the velocity field is
dominated by the separation bubble and decelerated
flow behind the trailing edge. With increasing C,,
the separation bubble is gradually closed and the vel-
ocity in the wake approaches the freestream velocity.
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Figure 13. Lift and drag coefficients of the rudder model without actuation versus AoA with the slots open (baseline) and the slots

covered with tape (baseline taped). For comparison, polars obta
corrected foil are shown. AR=1.44, Re = 144, 000.
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Figure 14. Lift coefficients versus AoA for various C,, near the stall AoA.
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Figure 15. Drag coefficients versus AoA for various C,, near the stall AoA.

For large C,, > 6.5%, the actuation jet extends clearly
beyond the trailing edge and the velocity in the wake is
higher than the freestream, associated with the virtual
extension of the foil and super-circulation lift
enhancement (Spence 1956).

Another important question is the transient
behaviour of the flow when the actuation system
is operated at fully separated flow. To investigate
this aspect, a dedicated experiment using PIV is
performed at an AoA of 27° and with an actuation
intensity of C, = 6.5%. The towing run is started
with the actuation system switched off. After 15s
of towing, when a stable flow state is expected to
be developed, the supply pump is switched on
and the actuation system starts operation. The
onset of the pump flow is immediate, since it
always operates at full power and the volume flow

is only regulated with the bypass ratio which is
adjusted before the experiment. The resulting flow
fields measured by PIV are decomposed into the
POD modes, where the same number of snapshots
before and after operation of the pump is used.
Note that care needs to be applied when analysing
transient events using POD, as discussed in Siegel
et al. (2008). If the number of transient snapshots
is small compared to the ones of steady state, the
POD analysis can be applied and used to further
the understanding of the flow field.

Figure 22 shows the resulting 2D modes, where
the colormap corresponds to the streamwise vel-
ocity u. The first mode consists of three areas.
Directly above the foil, the flow is accelerated for
positive values of the mode coefficient. The flow
at the leading edge is accelerated as well (indicated
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Figure 16. AC; and A(p for C,, according to legend for various AoA.
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Figure 17. Temporal mean streamlines and velocity magnitude of the baseline flow fields (without actuation, open slots) for all

the investigated AoAs measured by PIV.

by red area), whereas the flow at the rear of the foil
loses velocity in the streamwise direction (indicated
by blue area). The second and third modes together
display the on and off switching of the actuation jet
flow above the rudder. Two modes are necessary to
approximate the pulsating jet flow, similarly as two
Fourier modes are necessary to approximate a tra-
velling wave.

Figure 23 displays the time history of the coeffi-
cients corresponding to the four modes discussed
above. The time is non-dimensionalized with the
chord length C and the freestream velocity e,
such that t* = tu,/C. The actuation system is acti-
vated at t* = 0. The first mode is strongly negative
before the system is operated, corresponding to
decelerated and separated flow above the rudder
suction side, as expected for the baseline flow.
Modes two, three and four are close to zero before
the system is operated. At t* =0, when the actua-
tion is switched on, mode 1 abruptly transitions
from negative to positive values, indicating the
immediate acceleration of the flow above the rudder
surface. This transition takes less than 1 second.
Modes 2 and 3 immediately start with a sinusoidal
oscillation, indicating that the jet starts its oscil-
lation motion without delay. Note that mode 2
exhibits a strong peak in its signal at £* = 0, associ-
ated with a stronger than average jet emitted from

the slot when the system is switched on. This might
be associated with a pressure pulse travelling
through the tubing system when the pump is
switched on for the first time, and this pulse presses
fluid through the slot at high velocity. The origin of
this pressure pulse can be related to the pump
being switched on at full power, where the bypass
system limits the volume flow through the actuation
system but not the pressure. This effect might be
beneficial in this special case for the reattachment
of the flow, since a temporary higher C, is associ-
ated with this pulse.

In Figure 24, the dependence of AC; on the
actuation frequency is assessed for an AoA of 28°.
In general, the frequency of the actuation had a
minor influence on the achieved increase in lift, as
all the investigated feedback tubes performed simi-
larly. However, the comparison with the steady
blowing shows clearly that some kind of unsteady
actuation is necessary, as the steady blowing requires
a much higher C, to reattach the flow and even
decreases the C; for small C,. This is expected, as
previously shown by Seifert et al. (1996). Figure 25
shows the corresponding F* to the plot in Figure 24.

For all runs, the AFM (Equation 4) was calculated
and selected results are shown in Figure 26. Highly
efficient results were obtained, as a maximum AFM
of 1.5 is reported at an AoA of 26° and many runs
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Figure 18. Magnitude and streamlines of the mean flow field around the rudder model measured by PIV for various C,, at an AoA

of 28°. The arrows mark the slot position.

exhibit AFM greater than unity. The best results are
associated with a combination of small C, and one
and two degrees post stall AoA’s. The worst perform-
ing, from an energy perspective, are the cases with a
small pre-stall AoA and high C,,. However, an increase
of maximum lift and resulting side force and maneu-
verability, achieved by circulation control, may be
desirable even if the power required for this

effect is high, considering the small duration AFC is
needed.

7. Large scale towing tank experiments

The large-scale towing experiments are conducted at
the towing tank facility of the Hamburg Ship Model
Basin (HSVA). The rudder model cross-section
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Figure 19. Profiles of the time-averaged tangential velocity along the foil surface measured by PIV for various C,, at AoA of 28°.

geometry is the same as for the small-scale rudder. The
span and chord of the large-scale model are 1.39 m
and 0.97 m, respectively. Thus the aspect ratio of the
model is 1.43, similar to the one of the small-scale
model. In anticipation of the real-world application,
the model is equipped with a head-box. This head-
box is supposed to reduce the three-dimensionality
of the flow at the upper end of the model, but increases
the drag measured compared to a foil-only configur-
ation. The head-box is fixed to an AoA of 0° and has
the same cross-section geometry as the rudder foil.
The rudder model is manufactured in two parts,
where the trailing edge part is manufactured from
wood and contains metal struts for stability. The lead-
ing edge part containing the actuation system is man-
ufactured by additive manufacturing techniques. The
actuation system design and setup are similar to the
small-scale model, and the same fluidic oscillator

and supply system are used. The number of spanwise
slots is increased to 20, and the individual slot size is
30 mm in length and 1.1 mm in width. Their chord-
wise position is x/c = 0.25. As for the small scale
model, only one side of the model is equipped with
the actuation system. However, the large scale model
has dummy slot openings also on the other side of
the model for a realistic assessment.

For this system, the oscillation frequencies are
obtained by measuring the pressure fluctuations
inside the two chambers using a differential
pressure sensor. The obtained frequencies are dis-
played in Table 1. The length of the feedback
tube is 1.5m for all cases.

In the current towing experiments,
measurements are conducted using a conventional
strain gauge force balance. As for the smaller
model, the input pressure and volume flow rate of

force
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Figure 20. Normalized Power Spectral Density calculated using Welch's method of the flow magnitude at x/c=0.9 above the foil
surface for various C,,, extracted from PIV data at AoA of 28°. Every 10th data point marked.
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Figure 21. Temporal-mean velocity magnitude and streamlines of the wake flow at and behind the trailing edge of the rudder

model for various actuation intensities, at an AoA of 27°.

the actuation system are measured. The model is
towed at two different velocities corresponding to
chord Reynolds numbers of Re = 0.66 x 10° and
1.33 x 10°. The orientation of the model is vertical
as in setup 2 of the small scale model and the
waterline is at half the height of the head-box.
Similar to the small-scale model, constant velocity
runs are conducted. Three different actuation inten-
sities corresponding to a supply flow of 30, 60 and
901/min are investigated for a range of AoA’s. A
single actuation system volume flow rate translates

now to different C, depending on the freestream
velocity. Thus, for the smaller Re, a higher maxi-
mum C, can be obtained.

7.1. Results

The C; and Cp curves and the stall behaviour of the
unactuated flow are dependent on the Reynolds num-
ber (see Figure 27). At the lowest Reynolds number,
Re = 0.66 x 10%, the Cp slope is linear for small
AoA and the stall behaviour is very flat. At the higher



16 M. FROMM ET AL.

>0

<0

.

c 00 0.2 0.4 0.6 0.8

d 0.0

1 1
0.2 0.4 0.6 0.8

Figure 22. Most energetic POD modes of the transient flow experiment at an AoA of 27°. The arrows mark the slot position.

Re, Re = 1.33 x 105, the C; exhibits a more abrupt
decrease when full separation occurs. Note that the
maximum C; at Re = 1.33 x 10° is similar to the
lower Reynolds number but the stall angle is decreased
by four degrees. This may indicate a strong three-
dimensional behaviour due to the free end on the
lower side of the foil and the head-box on the upper
side, which supports the flow attachment at the
lower Reynolds number.

Figure 28 shows the results of static AoA runs. An

increase in maximum C; was obtained for
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Figure 23. Coefficients of the first four POD modes of the tran-
sient flow experiment, shifted along the y axis for visual clarity.
Horizontal lines indicate a value of zero of the respective
coefficient. t* = 0 indicates start of operation of the actuation
system. C, = 6.5%, Re =144, 000, AoA= 27°.

Re = 0.66 x 10° and Re = 1.33 x 10° of up to 29%
and 21%, respectively. The separation was delayed
by up to 4 degrees.
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Figure 24. Dependence of AC; on the actuation frequency for
various C, at of AoA 28°, Re = 144, 000. The letters correspond
to the length of the feedback tube.
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Figure 25. Reduced frequency for the different feedback
tubes versus C,, The letters correspond to the length of the
feedback tube.
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Figure 26. Efficiency Figure of Merit (see 4) indicating the performance of the actuation system for various AoA and C,, at Re =

144, 000.

Table 1. Frequencies of the large model actuation system
versus the inlet volume flow rate.

Flow rate (I/min) 30 60 90
Switching frequency (Hz) 2.1 6.1 7.5
T T T T T T T
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Figure 27. Baseline (C,=0.0) Lift and Drag coefficients of the large-scale rudder model for the two investigated Reynolds numbers.

The legend applies to both plots.
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Figure 28. Lift and Drag coefficients of the large-scale rudder model for the two investigated Reynolds numbers at different
momentum coefficients. The legend in the right plot applies to the left plot as well.
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8. Conclusions

This paper showed the benefits of an application of
AFC on two ship rudder models. Tests were con-
ducted in towing tanks using load measurements
and PIV. An increase of up to 80% of the baseline
lift was achieved using moderate actuation energy
levels. At the same time, flow separation was delayed
by a few degrees. Technical and design aspects of
the integration of such a system were solved on a
model scale.

The presented experimental results demonstrated
the feasibility of the approach up to near-full scale
model size and chord-lenght Reynolds numbers at
the order of 10°. A future application of the system
might aim for harbour maneuvering, i.e. at relatively
low velocities and subsequently low Reynolds num-
bers, but high AoA and loads. The system presented
here performed well under these conditions. In view
of energy efficiency concerns, a benefit of the proposed
system 1is that it only requires power when actually
being operated, e.g. during harbour maneuvers.
Depending of the operating profile of the vessel this
may have an impact on the overall energy efficiency
(e.g. ferries on short routes) or is negligible (long
range routes). Thus, high amounts of C,, can be rea-
lized without sacrificing the overall energy savings.

The results presented here exhibit a large potential
for optimization, which may result in a further
increase in the system efficiency. The chosen manufac-
turing strategy using fully 3D-printed parts has the
drawback of high roughness of the walls inside the
chambers, which cannot be post-processed. This
increases the pressure loss of the overall system and
the uniformity of the actuation. The precision of the
printed slots in the sub-millimeter range has not
been satisfying. The slot parameters, i.e. the width,
length and chordwise position, have not been fully
explored in this work and provide potential for further
optimization.

Further work would be necessary to assess the effec-
tiveness of the presented system when the rudder is
positioned in the hull wake and the propeller slip-
stream. Various options exist to combine the current
results with other high-lift or high-efficiency rudder
types such as flapped rudders. For a flapped rudder,
actuation can be employed at the leading edge of the
main element and/or at the flap.
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3.4 Comparison of Methods

The three papers in this thesis employ a variety of methods in a carefully chosen
combination of high-fidelity analytical and experimental methods to explore the
application of AFC in marine environments using fluidic oscillators.

The first paper primarily analyzes existing, high-fidelity CFD data to in-
vestigate the internal flow dynamics of fluidic oscillators. It utilizes Proper
Orthogonal Decomposition (POD) and Lagrangian Coherent Structures (LCS)
analysis to identify the dominant modes influencing jet deflection. Thus, a data-
driven approach brings the direct correlation between pressure differences across
control ports and the resulting jet behavior into focus, providing a foundation
for designing experiments with water-based oscillators.

Complimentary, the second paper focuses on experimental methods to obtain
data and uses similar analytical methods to validate the insights gained from
the CFD data analysis and to explore the oscillation mechanisms in a water-
based oscillator. An experimental setup was designed with optical access for
Particle Image Velocimetry (PIV) and Laser Doppler Anemometry (LDA),
along with pressure taps on the control ports. These experiments allowed for
direct observation and measurement of the fluid fields and properties within
the oscillator, revealing that the pressure and feedback tube flow waveforms
closely resembled the variables of the FitzHugh-Nagumo system. Mathematical
methods are employed for parameter finding in the equation system and analysis
and simulation of the resulting dynamical system. This experimental validation
was crucial for enhancing the understanding of the oscillator’s operation and
for refining its design, and revealed the complex physical relationship between
pressure and feedback tube flow.

The third paper again combines both experimental and data-driven methods
to apply the optimized oscillator design to a ship rudder model and assess
its impact on flow separation and rudder performance. Extensive towing tank
experiments were conducted in two different facilities at the University of Rostock
and the Hamburg Ship Model Basin (HSVA), involving force measurements
and underwater PIV to capture the flow field around the rudder. POD was
used to interpret the experimental data and quantify the effects of AFC on flow
dynamics. These experiments demonstrated the practical effectiveness of the
AFC system in delaying flow separation and enhancing rudder performance.

By applying advanced analytical and experimental methods, the three papers
collectively provide a comprehensive framework for understanding and optimizing
fluidic oscillators for airborne as well as marine AFC applications.
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3.5 Conclusion of the Publications

Together, the three papers presented in this thesis collectively advance the
understanding and application of fluidic oscillators and AFC in both aerody-
namic and hydrodynamic contexts, presenting a cohesive narrative that bridges
fundamental fluid dynamics research with practical engineering applications.
They highlight the critical role of fluidic oscillators in advancing AFC tech-
nologies and their potential to improve performance in both aerodynamics and
hydrodynamics. Future research could further explore the integration of these
systems into full-scale operational environments, optimizing their designs for
specific applications, and investigating their long-term impacts on fuel efficiency
and emissions reduction.

Several important advancements and achievements in the field of fluid dynam-
ics and AFC are presented in the papers. Notably, the studies represent the
first time a fluidic oscillator has been applied to a ship rudder, both in model
and near-full-scale experiments. This innovative application demonstrates the
feasibility and effectiveness of AFC in the maritime sector, showcasing significant
improvements in rudder performance and maneuverability.

Another pioneering achievement is the novel relation established between the
FitzHugh-Nagumo system and fluidic oscillators, providing a new theoretical
framework to understand the dynamics of these devices.

Additionally, the research presents the first-time visualization of flow fields
and Lagrangian Coherent Structures fields for this type of oscillator, offering
detailed insights into the underlying fluid mechanics. These visualizations,
achieved through advanced techniques like LES and POD, reveal the intricate
jet switching mechanisms and the impact of pressure differences on flow behavior.

Furthermore, the comprehensive experimental setups, including PIV and
force measurements, validate the effectiveness of AFC systems in delaying flow
separation and enhancing lift forces. Collectively, these studies mark significant
advancements in the understanding and application of fluidic oscillators and AFC,
paving the way for future innovations in both aerodynamics and hydrodynamics.

Applying AFC to ship rudders holds significant potential benefits for the
maritime industry. AFC can markedly delay flow separation, which occurs at
high rudder deflection angles, thereby enhancing the rudder’s lift force and
overall steering performance. This improvement translates to a narrower turning
radius and increased maneuverability, which is crucial during critical operations
like harbor maneuvers. By maintaining attached flow over the rudder at higher
angles of attack, AFC can also reduce hydrodynamic drag, leading to more
efficient vessel operation and lower fuel consumption. Furthermore, AFC allows
for the possibility of designing smaller rudders that achieve the same or better

49



performance as larger ones, thereby reducing construction costs and further,
significantly decreasing drag under normal operating conditions. The resultant
reduction in fuel usage not only offers economic savings but also contributes to
lower greenhouse gas emissions, supporting environmental sustainability in the
shipping industry. Overall, the integration of AFC systems in ship rudders could
advance maritime control surfaces, providing both performance enhancements
and ecological benefits.

3.6 Associated publications

The results of the discussed research have also been presented at:

Fromm, M., Bestier, T., & Grundmann, S. (2022). Erhohung der mazimalen
Auftriebskrifte am Schiffsruder durch aktive Strémungskontrolle. Presented
at the Fachtagung Experimentelle Stromungsmechanik, Ilmenau, 6.-8.
September 2022. ISBN 978-3-9816764-8-8.

Specifically, the research presented in the second publication directly led to
the granting of the associated patent:

Fromm, M., Bestier, T., & Grundmann, S. O. (2024). Vorrichtung und
Verfahren zur Erhéhung einer Auftriebskraft an einem Schiffsruder mittels aktiver
Stromungskontrolle, sowie Schiffsruder. German Patent DE102023100314B4,
Deutsches Patent- und Markenamt.
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4 Extended Discussion

In this chapter, additional, previously unpublished experiments and analysis are
presented, that underline the coherence of the above presented research and add
further insights beyond the publications.

4.1 Chaos, Spiking and Absence of Oscillations

The FitzHugh-Nagumo system, a simplified version of the Hodgkin-Huxley model,
is known for its ability to exhibit chaotic behavior under certain conditions.
Chaos in the FHN system is characterized by aperiodic, unpredictable oscillations
that arise due to the system’s nonlinearity and sensitivity to initial conditions.
This chaotic behavior is influenced by parameters such as the excitation frequency
and the strength of the nonlinear feedback. When applied to the study of fluidic
oscillators, the prediction of chaos in the FHN system provides valuable insights
into the complex dynamics of fluidic oscillation.

Chaotic behavior was observed in the experiments with fluidic oscillators
conducted over the course of this theses, which can occur due to factors such
as poor manufacturing, low flow rates, and insufficient back pressure. Just as
the FHN system can exhibit chaotic oscillations, fluidic oscillators may also
experience aperiodic and unpredictable jet switching patterns, especially under
conditions where nonlinear interactions dominate. These chaotic oscillations can
compromise the effectiveness of active flow control by making the behavior of
the fluidic oscillator difficult to predict and control. Understanding the potential
for chaotic behavior in fluidic oscillators is crucial for optimizing their design
and operation in active flow control applications, as it highlights the importance
of precise parameter tuning to maintain stable and predictable oscillations.
This analogy between the FHN system and fluidic oscillators underscores the
relevance of mathematical models in predicting and managing the complex
dynamics observed in fluidic systems.

The FitzHugh-Nagumo (FHN) system not only predicts chaotic behavior
but also spiking behavior. Spiking in the FHN system is characterized by
sudden, transient bursts of activity, followed by a return to a quiescent state.
In our experiments, this spiking behavior manifested as the oscillator failing
to maintain continuous oscillations, instead outputting fluid from only one
side for extended periods. Occasionally, the flow would abruptly flip to the
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Figure 4.1: Measured voltage signal from a fluidic oscillator exhibiting spiking behavior.
The signal shows periods of quiescence interrupted by sudden, transient
bursts of activity, characteristic of spiking dynamics. The time intervals
between spikes, At,,q: and Atyy,i,, indicate the variability in the occurrence
of these spikes.
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Figure 4.2: Simulated behavior of the FitzHugh-Nagumo (FHN) system. Pressure
difference (Ap) across the control ports, and feedback tube flow (7i24;) over
dimensionless time, with and without random noise.
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other side for a short duration before reverting to the single-sided output.
This behavior typically occurred in oscillators that were poorly manufactured,
specifically those with excessively high flow resistance in the feedback tube,
which dampens the oscillations and causes the device to operate in a single-sided
manner. Additionally, high inlet flow turbulence, acting as input noise, can
trigger these spikes, similar to how noise induces spiking in the simulated FHN
system. Figure4.1 shows measured spiking behavior, and parallels the spiking
behavior predicted by the FitzHugh-Nagumo system when subjected to input
noise. This behavior was observed under conditions of imperfect manufacturing,
high flow resistance in the feedback tube, and high inlet flow turbulence.

Figure 4.2 showcases simulated spiking of the corresponding FHN system. The
presence of noise leads to aperiodic, transient spikes in both Ap and feedback
tube flow, similar to the spiking observed in experimental measurements. The
simulation without noise and otherwise identical parameters converges into a
steady state, single-sided output. This demonstrates the system’s sensitivity
to external disturbances and the impact of noise on the dynamics of the fluidic
oscillator.

Understanding this spiking behavior is crucial for diagnosing and addressing
manufacturing flaws and optimizing the operational parameters to ensure reliable
oscillatory performance in active flow control applications.

4.2 Limit cycle behavior

The FitzHugh-Nagumo (FHN) system is well known for exhibiting limit cycle
behavior, a type of stable, periodic oscillation that occurs when the system is
perturbed from its equilibrium. In the context of fluidic oscillators, this limit
cycle behavior is highly relevant for understanding how oscillations initiate and
stabilize from a state of fluid rest. When a fluidic oscillator begins operation, it
starts from a non-oscillatory state where the fluid is at rest or flowing steadily.
As the system is activated, the feedback mechanisms within the oscillator,
analogous to the nonlinear feedback in the FHN system, begin to influence the
flow dynamics.

Initially, small perturbations in the flow can grow due to the system’s inherent
instability, leading to the development of oscillations. These oscillations gradually
increase in amplitude and frequency until they reach a stable limit cycle. This
transition from rest to stable oscillations is critical for the effective functioning
of fluidic oscillators in active flow control applications. The time it takes to
reach stable oscillations, as well as the characteristics of these oscillations, can
significantly impact the performance of the AFC system.
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Figure 4.3: Dimensionless POD mode coefficients for two different flow rates.

In the experiments, the establishment of stable oscillations was observed to
depend on several factors, including the initial flow rate and the design of the
oscillator. Manufacturing imperfections, insufficient back pressure, or suboptimal
flow rates could delay or disrupt the transition to stable limit cycle oscillations,
leading to prolonged periods of unstable or chaotic behavior. Understanding
the limit cycle behavior of the FHN system provides valuable insights into
optimizing the startup phase of fluidic oscillators. By ensuring that the system
parameters are within the appropriate ranges, it is possible to facilitate a smooth
transition from fluid rest to stable oscillations, thereby enhancing the reliability
and efficiency of AFC systems.

Thus, the limit cycle behavior of the FHN system serves as a useful model for
predicting and managing the initial behavior of fluidic oscillators, ensuring that
they achieve stable, predictable oscillations necessary for effective flow control.

4.3 POD modes and the FHN system

Proper Orthogonal Decomposition (POD) is a powerful tool for analyzing
complex fluid flows by decomposing them into a set of orthogonal modes that
represent the most energetic structures in the flow. In the context of fluidic
oscillators, the relationship between POD modes and the FitzHugh-Nagumo
(FHN) system provides a deeper understanding of the oscillatory behavior and
the underlying dynamics.

The FHN system, with its nonlinear differential equations, models excitable
systems and is capable of exhibiting both stable limit cycles and chaotic behavior.
When applied to fluidic oscillators, the FHN system helps explain the nonlinear
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interactions and feedback mechanisms that drive oscillations. POD, on the other
hand, offers a way to quantify and visualize these oscillations by breaking down
the flow field into dominant modes.

In this study, the first few POD modes were found to capture the essential
dynamics of the fluidic oscillator. The primary modes represent the fundamental
oscillation pattern, corresponding to the jet switching mechanism driven by
the pressure difference across the control ports. Subsequent modes captured
secondary structures, such as the flow in the feedback tubes and higher harmonic
components of the oscillation.

Relating these POD modes to the FHN system, the primary mode can be
seen as analogous to the main variable of the FHN system that describes the
excitable state of the system. This mode represents the core oscillatory behavior
and the main feedback loop responsible for the jet deflection. Secondary POD
modes, which capture additional flow structures and harmonics, correspond
to the secondary variables in the FHN system that modulate the primary
oscillation, introducing complexity and potential for chaotic behavior under
certain conditions.

By linking POD modes with the FHN system, it is possible to interpret
the fluidic oscillator’s dynamics in terms of excitable system behavior. The
primary mode’s stability and periodicity reflect the stable limit cycle of the FHN
system, while the presence and interaction of higher modes can indicate the
onset of more complex, potentially chaotic dynamics. This relationship provides
a framework for understanding how different flow structures contribute to the
overall behavior of the fluidic oscillator, aiding in the design and optimization
of AFC systems. Figure 4.3 showcases this idea where the phase space of the
POD modes resembles the phase space of the FHN system variables.

In summary, the connection between POD modes and the FHN system
enhances our understanding of the fluidic oscillator’s behavior by combining a
robust mathematical model of excitable dynamics with a powerful decomposition
technique for fluid flow analysis. This integrated approach allows for more
effective prediction, control, and optimization of oscillatory flow systems in
active flow control applications.
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Figure 4.4: Lissajous figure of the dimensionless CPOD mode coefficients. Color indi-
cates different flow rates, blue being the highest flow rate.

4.4 Common base POD analysis of flow rate variation

A Common Base POD [39] is a POD computed from several datasets that
vary in a parameter. FExperiments were conducted for several flow rates and
combined to compute the CPOD. The result is a single set of modes, and a set
of mode coefficients corresponding to each parameter realization. The results
show that the variation in the flow field is minor when the Reynolds number is
changed, because the same set of modes can represent the entire dataset. The
dynamic behavior remains unchanged, as Figure 4.4 shows. The Lissajous figure
created by the most important modes are self-similar in shape with respect
to the Reynolds number variation. A visible difference certainly is the higher
spread of the figure at higher flow rates, which may indicate higher variation
in the cycle with higher fluctuations uncorrelated to the switching phenomena
such as inlet turbulence.
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Figure 4.5: Comparison of the FHN system state variables (dimensionless), extracted
from CFD simulation and obtained from fitting the equation parameters to
the frequency of oscillation in air, demonstration qualitative agreement. p
indicates the damping factor used in the FHN model.

4.5 Application of the FHN equation to the LES data

Another question is if the newly found model is applicable for the air-operated
oscillator as well. To obtain a preliminary understanding of this aspect, the CFD
data used in publication 1 was used to extract spatially averaged equivalents to
the experimental data from publication 2. A simulation was performed and tuned
to oscillate at the frequency of the extracted CFD data. Figure4.5 compares
the obtained extracted and normalized data to the simulated, dimensionless
data. The general applicability of the FHN system to air-based oscillators is
demonstrated by the ability of the simulation to match the CFD extracted data

characteristics.
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5 Outlook

The field of Active Flow Control has seen extensive research and development,
particularly within the aerospace sector. Despite numerous studies demonstrat-
ing the potential of AFC to enhance aerodynamic performance by delaying flow
separation, reducing drag, and improving lift, there has been limited commer-
cialization of this technology in practical aerospace applications. Several factors
contribute to this, creating high entry barriers that have hindered widespread
adoption.

Firstly, the stringent security and safety requirements in the aerospace industry
present a significant challenge. Any new technology must undergo rigorous
testing and certification processes to ensure it does not compromise the safety
of the aircraft and its passengers. This adds considerable time and cost to
the development of AFC systems for aerospace applications. Additionally, the
introduction of AFC devices often entails an increase in the weight of the aircraft
due to the need for additional components and actuators, which can negate
some of the performance benefits by increasing fuel consumption.

Moreover, the high development costs associated with AFC technology have
been a deterrent. The design, testing, and optimization of AFC systems require
substantial financial investment, which can be a risk for aerospace companies
unless the benefits are clearly demonstrated. Unfortunately, despite the potential
advantages, the efficacy and efficiency of AFC in practical scenarios have not
been compelling enough to justify the costs. The improvements in performance,
while significant in controlled experimental settings, have often been too marginal
when scaled up to full-sized aircraft operating under real-world conditions.

However, the application of AFC in the maritime sector presents a promising
opportunity for translating this technology into industry. Ships operate in a
different environment where the barriers to entry are lower, and the performance
benefits can be more pronounced. For instance, the security issues that are
paramount in aerospace are less critical in maritime applications, allowing for
more flexibility in the design and implementation of AFC systems. Additionally,
the weight penalties that are so detrimental to aircraft performance are less
significant for ships, which can accommodate the extra weight of AFC devices
without severely impacting overall efficiency.

Furthermore, the potential performance improvements offered by AFC for ship
rudders and other control surfaces are substantial. By delaying flow separation
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and reducing drag, AFC can enhance maneuverability and fuel efficiency, leading
to significant operational cost savings and reduced environmental impact.

In conclusion, while AFC has struggled to achieve commercial success in
the aerospace sector due to high entry barriers and insufficient demonstrated
benefits, its application in the maritime industry holds considerable promise. The
lower barriers to entry, combined with the potential for significant performance
improvements, make the maritime sector an ideal candidate for the successful
commercialization of AFC technology. Future research and development efforts
should focus on leveraging these advantages to bring AFC from the lab to the
docks, providing a clear pathway for its industrial adoption and broader impact.

One of the primary future directions involves further optimization of fluidic
oscillators for maritime applications. While the current research has shown
that these devices can delay flow separation and improve rudder performance,
there is still significant potential for enhancing their design and functionality.
Future studies could focus on refining the geometric parameters of the oscillators,
exploring different materials and manufacturing techniques to improve durability
and performance under marine conditions. Additionally, integrating advanced
sensing and control systems could enable real-time adaptation of the oscillation
parameters to varying flow conditions, further enhancing the effectiveness of
AFC systems.

Another important area for future research is the comprehensive evaluation
of the long-term effects of AFC on ship performance and maintenance. While
the immediate benefits of reduced drag and improved maneuverability are clear,
it is essential to understand the potential impacts on rudder wear and tear,
maintenance requirements, and overall vessel longevity. Long-term field studies
and simulations could provide valuable insights into these aspects, helping to
ensure that the implementation of AFC systems leads to sustainable benefits.

Furthermore, expanding the application of AFC beyond rudders to other
ship components offers exciting possibilities. For instance, AFC could be
applied to propellers, hulls, and stabilizing fins, potentially leading to even
greater improvements in overall vessel efficiency. Investigating the interactions
between AFC systems on different components and their combined effects on ship
performance could yield a comprehensive approach to flow control in maritime
engineering.

Additionally, leveraging advancements of CFD and machine learning could
significantly enhance the design and optimization of AFC systems. High-fidelity
CFD simulations, coupled with machine learning algorithms, could be used to
predict and optimize the performance of AFC devices under a wide range of op-
erating conditions. This data-driven approach could accelerate the development
of more effective and efficient AFC solutions.

99



Finally, the environmental benefits of AFC technology should not be over-
looked. By reducing fuel consumption and greenhouse gas emissions, AFC
has the potential to contribute significantly to the sustainability goals of the
maritime industry. Future research could focus on quantifying these environ-
mental benefits and exploring ways to maximize them, aligning AFC technology
development with global efforts to combat climate change.

A deeper and more focused experimental investigation into the spiking, start-
ing, and chaotic behaviors of fluidic oscillators would provide substantial value.
Such dedicated studies could further strengthen the theoretical framework es-
tablished in this thesis and offer insights into the complex dynamics of these
intriguing devices. By closely examining the conditions under which spiking
and chaotic oscillations occur, researchers can identify the precise parameters
that lead to these behaviors, allowing for the development of more robust and
predictable fluidic oscillators.

In conclusion, the research presented in this thesis has laid a foundation for
the application of AFC in maritime environments. By continuing to explore
and refine this technology, there is substantial potential to achieve significant
advancements in ship performance, efficiency, and sustainability. The future of
AFC in the maritime industry is promising, with numerous opportunities for
innovation and impact.

60



Bibliography

[1]

2]

3]

4]

[5]

[6]

7]

18]

19]

L. Prandtl. Uber Fliissigkeitsbewegung bei sehr kleiner Reibung. Third
International Mathematical Congress, 1904.

Marlyn Y Andino, John C Lin, Seele Roman, Emilio C Graff, Mory Gharib,
Edward A Whalen, and Israel J Wygnanski. Active flow control on vertical
tail models. ATAA journal, 57(8):3322-3338, 2019.

Edward A Whalen, Marc Spoor, Paul M Vijgen, John Tran, Arvin
Shmilovich, John C Lin, and Marlyn Andino. Full-scale flight demon-
stration of an active flow control enhanced vertical tail. In 8th AIAA Flow
Control Conference, page 3927, 2016.

C. E. Spyropoulos. Sonic oscillator. In Procc. of the fluid amplification
symposium, pages 27-52, 1964.

H. Viets. Flip-flop jet nozzle. AIAA journal, 13(10):1375-1379, 1975. URL
https://doi.org/10.2514/3.60550.

Xin Wen, Ziyan Li, Luanliang Zhou, Chengji Yu, Zubair Muhammad,
Yudan Liu, Shiqi Wang, and Yingzheng Liu. Flow dynamics of a fluidic
oscillator with internal geometry variations. Physics of Fluids, 32(7), 2020.

Rene Woszidlo, Timo Stumper, C Nayeri, and Christian O Paschereit.
Experimental study on bluff body drag reduction with fluidic oscillators.
In 52nd Aerospace Sciences Meeting, page 0403, 2014. URL https://doi.
org/10.2514/6.2014-0403.

Moritz Sieber, Florian Ostermann, Rene Woszidlo, Kilian Oberleithner,
and C Oliver Paschereit. Lagrangian coherent structures in the flow field
of a fluidic oscillator. Physical review fluids, 1(5):050509, 2016. URL
https://doi.org/10.1103/APS.DFD.2015.GFM.V0015.

Florian Ostermann, Rene Woszidlo, C. Navid Nayeri, and C. Oliver
Paschereit. Properties of a sweeping jet emitted from a fluidic oscillator.
Journal of Fluid Mechanics, 857:216-238, 2018. doi: 10.1017/jfm.2018.739.

61


https://doi.org/10.2514/3.60550
https://doi.org/10.2514/6.2014-0403
https://doi.org/10.2514/6.2014-0403
https://doi.org/10.1103/APS.DFD.2015.GFM.V0015

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

Alexander Spens, Patrick J Brandt, and Jeffrey P Bons. Characterization
of out-of-plane curved fluidic oscillators. AIAA Journal, 62(4):1563-1573,
2024.

Katarzyna Zelazny. Approximate method of calculating forces on rudder
during ship sailing on a shipping route. TransNav, the International Journal
on Marine Navigation and Safety of Sea Transportation, 8(3):459-464, 2014.
ISSN 2083-6473. doi: 10.12716/1001.08.03.18.

Jung-Keun Oh, Hae-Seong Ahn, Hyo-Chul Kim, Seung-Hee Lee, and Jae-
Moon Lew. Application of coanda effects to a ship hydrofoil. Journal of
Ship and Ocean Technology, 7(2):29-39, 2003.

Bong-Joon Choi and Hyo-Chul Kim. An experimental evaluation of the
coanda jet applied high efficient rudder system for vlcc. Journal of Ship
and Ocean Technology, 8(2):1-12, 2004.

Hae-Seong Ahn, Hyo-Chul Kim, Je-Jun Park, and Seung-Hee Lee. An
application of coanda effect to a flapped rudder. Journal of Ship and Ocean
Technology, 3(4):23-34, 1999.

Hae-Seong Ahn, Jachoon Yoo, and Hyochul Kim. An advanced study on the
development of marine lifting devices enhanced by the blowing techniques.
Journal of Ship and Ocean Technology, 8(4):1-9, 2004.

Oxoc Gim. On Flow Charactistics around Special Rudders by PIV Measure-
ment; Flapped and Water-blowing Rudder. Journal of the Korean Society
of Marine Environment & Safety, 23(2):200-207, 2017.

Dae-Won Seo, Jungkeun Oh, and Jinho Jang. Performance analysis of a
horn-type rudder implementing the coanda effect. International Journal of
Naval Architecture and Ocean Engineering, 9(2):177-184, 2017.

H-J Schmidt, R Woszidlo, CN Nayeri, and CO Paschereit. Separation
control with fluidic oscillators in water. Experiments in Fluids, 58(8):1-17,
2017.

Rene Woszidlo, Florian Ostermann, and Hanns-Joachim Schmidt. Funda-
mental properties of fluidic oscillators for flow control applications. AIAA
Journal, 57(3):978-992, 2019.

Bernhard C Bobusch, René Woszidlo, JM Bergada, CN Nayeri, and
CO Paschereit. Experimental study of the internal flow structures inside a
fluidic oscillator. Ezperiments in fluids, 54(6):1559, 2013.

62



[21]

[22]

23]

[24]

[25]

[26]

[27]

28]

[29]

[30]

[31]

[32]

JR McDonough, R Law, J Kraemer, and AP Harvey. Effect of geometrical
parameters on flow-switching frequencies in 3d printed fluidic oscillators
containing different liquids. Chemical Engineering Research and Design,
117:228-239, 2017.

I. Wygnanski. Boundary layer and flow control by periodic addition of
momentum. AIAA journal, 2117, 1997.

Dov Oster and Israel Wygnanski. The forced mixing layer between parallel
streams. Journal of Fluid Mechanics, 123:91-130, 1982.

Avi Seifert and LaTunia G. Pack. Active flow separation control on wall-
mounted hump at high reynolds numbers. ATAA Journal, 40(7):1363-1372,
2002. doi: 10.2514/2.1796. URL https://doi.org/10.2514/2.1796.

Avi Seifert, David Greenblatt, and Israel J Wygnanski. Active separation
control: an overview of reynolds and mach numbers effects. Aerospace
Science and Technology, 8(7):569-582, 2004.

Mehti Koklu and Lewis R Owens. Comparison of sweeping jet actuators
with different flow-control techniques for flow-separation control. AIAA
Journal, 2017.

David Greenblatt and Israel J Wygnanski. The control of flow separation
by periodic excitation. Progress in Aerospace Sciences, 36(7):487-545, 2000.

Bar Mizrahi and Avraham Seifert. The oscillatory suction actuator: Funda-
mentals, interactions and efficiency. In ATAA AVIATION 2020 FORUM.
ATAA, 2020. doi: 10.2514/6.2020-2941. URL https://arc.aiaa.org/doi/
abs/10.2514/6.2020-2941.

Roman Seele, Emilio Graff, Morteza Gharib, Lutz Taubert, John Lin,
and Israel Wygnanski. Improving rudder effectiveness with sweeping jet
actuators. In 6th AIAA Flow Control Conference, page 3244, 2012. URL
https://doi.org/10.2514/6.2012-3244.

A. Seifert and LG. Pack. Oscillatory control of separation at high reynolds
numbers. AIAA Journal, 37(9):1062-1071, 1999.

A. Seifert, T. Bachar, D. Koss, M. Shepshelovich, and I. Wygnanski. Oscil-
latory blowing: a tool to delay boundary-layer separation. AIAA journal,
31(11):2052-2060, 1993.

Raymond W Warren. Fluid oscillator, January 9 1962. US Patent 3,016,066.

63


https://doi.org/10.2514/2.1796
https://arc.aiaa.org/doi/abs/10.2514/6.2020-2941
https://arc.aiaa.org/doi/abs/10.2514/6.2020-2941
https://doi.org/10.2514/6.2012-3244

[33] G. Arwatz, I. Fono, and A. Seifert. Suction and oscillatory blowing actuator.
In IUTAM Symposium on Flow Control and MEMS, pages 33—44. Springer,
2008. doi: 10.2514/1.30468.

[34] F. Ostermann, R. Woszidlo, C. Nayeri, and C.O. Paschereit. Experimental
comparison between the flow field of two common fluidic oscillator designs.
In 53rd ASM, page 0781, 2015.

[35] T. Shtendel and A. Seifert. Three-dimensional aspects of cylinder drag
reduction by suction and oscillatory blowing. Int J Heat Fluid Flow,
45:109-127, 2014. URL https://doi.org/10.1016/j.ijheatfluidflow.
2013.10.009.

[36] A. Seifert, O. Stalnov, D. Sperber, G. Arwatz, V. Palei, S. David, I. Dayan,
and I. Fono. Large trucks drag reduction using active flow control. In

The Aerodynamics of Heavy Vehicles II: Trucks, Buses, and Trains, pages
115-133. Springer, 2009.

[37] Marlyn Y Andino, John C Lin, Anthony E Washburn, Edward A Whalen,
Emilio C Graff, and Israel J Wygnanski. Flow separation control on a
full-scale vertical tail model using sweeping jet actuators. In 53rd AIAA
Aerospace Sciences Meeting, page 0785, 2015. doi: 10.2514/6.2015-0785.

[38] John C Lin, Marlyn Y Andino, Michael G Alexander, Edward A Whalen,
Marc A Spoor, John T Tran, and Israel J Wygnanski. An overview of
active flow control enhanced vertical tail technology development. In
54th AIAA Aerospace Sciences Meeting, page 0056, 2016. URL https:
//doi.org/10.2514/6.2016-0056.

[39] J. Kriegseis, T. Dehler, M. Gnirfs, and C. Tropea. Common-base proper
orthogonal decomposition as a means of quantitative data comparison.
Meas. Sci. Technol., 21(8):085403, 2010.

64


https://doi.org/10.1016/j.ijheatfluidflow.2013.10.009
https://doi.org/10.1016/j.ijheatfluidflow.2013.10.009
https://doi.org/10.2514/6.2016-0056
https://doi.org/10.2514/6.2016-0056

	Introduction
	Background and State of the Art
	Motivation and Outline

	Introduction to Flow Control
	Publications
	Publication I
	Publication II
	Publication III
	Comparison of Methods
	Conclusion of the Publications
	Associated publications

	Extended Discussion
	Chaos, Spiking and Absence of Oscillations
	Limit cycle behavior
	POD modes and the FHN system
	Common base POD analysis of flow rate variation
	Application of the FHN equation to the LES data

	Outlook
	Bibliography

