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Abstract

The presented work describes and discusses the results of wind tunnel and towing tank experiments carried
out on a rectangular bluff body model equipped with base flaps as passive and fluidic oscillators as active
means for drag reduction. The geometry of the model is based on the Generic European Transport System
(GETS) which is similar to a 10% scaled truck trailer combination without any geometric details. Force
and pressure measurements complemented by Particle Image Velocimetry (PIV) measurements in the
near wake are performed in order to assess the flow field dynamics.

The work consists of three major investigations. First, the effect of several parameters such as flap
length, flap angle, momentum coefficient, and oscillator spacing is examined, followed by a conservative
evaluation of efficiency. The feasibility of the examined separation control is demonstrated. The
assessment of the flow control parameters implies that the ratio between jet and freestream velocity is the
governing parameter for the separation control.
The second investigation addresses the applicability of the separation control experiments in a water
towing tank. Bench tests are conducted to determine the oscillator properties. The oscillation frequency
scales with the jet velocity for water and air. Therefore, the velocity and frequency ratio can be transferred
between the working fluids. The presence of cavitation is visually detected solely outside the oscillators.
The frequency and therefore the effectiveness of the actuation is unaffected by cavitation. The thrust
exerted by fluidic oscillators is determined to be larger than the theoretical value. The feasibility of towing
tank experiments for separation control is demonstrated. The drag and pressure measurements as well as
the underwater stereo PIV measurements performed in the towing tank compare well to the wind tunnel
results.
The third study focuses on the flow dynamics in the wake of the baseline configuration and selected flow
control configurations. High-speed stereoscopic PIV and time-resolved pressure measurements are ac-
quired to employ conditional averaging, spectral analysis, and Spectral Proper Orthogonal Decomposition
(SPOD) methods. The baseline flow field is dominated by a vertically oriented, bistable wake shift which
is governed by the model’s aspect ratio. High-frequency wake modes documented in the appropriate
literature are confirmed. A coupling between these modes and the bi-stability is observed. Significant
changes in the wake dynamics are obtained when flow control is employed. The baseline modes are partly
attenuated or completely inhibited, especially for active flow control configurations. It is demonstrated
that the aerodynamic drag is directly linked to the coherent wake dynamics and their energetic content.





Zusammenfassung

Die vorliegende Arbeit beschreibt und diskutiert die Ergebnisse der Wind- und Schleppkanalversuche mit
einem quaderförmigen, stumpfen Versuchskörper. Das Heck des Modells ist mit sogenannten Basisklappen
als passive und fluidischen Oszillatoren als aktive Strömungskontrolle zur Reduktion des aerodynamischen
Widerstandes ausgestattet. Die Geometrie des Modells basiert auf dem Generic European Transport
System (GETS), welches einem 1:10 Modell eines Lastkraftzugs ohne geometrische Details entspricht.
Um die Dynamiken des Strömungsfeldes im Nachlauf des Modells beurteilen zu können, sind Kraft- und
Druckmessungen, sowie ergänzende Particle Image Velocimetry (PIV) Messungen durchgeführt worden.
Die vorliegende Arbeit umfasst drei Hauptuntersuchungen. Die erste Studie befasst sich mit der Effektiv-
ität der verschiedenen Strömungskontrollparameter, Klappenlänge, Klappenwinkel, Impulsbeiwert und
Oszillatorabstand, sowie einer konservativen Effizienzbetrachtung der Strömungskontrolle. Die Wirk-
samkeit der untersuchten Ablösekontrolle ist dabei nachgewiesen worden. Die abschließende Beurteilung
der Strömungsparameter verdeutlicht, dass das Verhältnis zwischen Strahl- und Anströmgeschwindigkeit
der entscheidende Parameter zur Charakterisierung der Ablösekontrolle ist.
Die zweite Untersuchung beschäftigt sich mit der experimentellen Anwendbarkeit der Ablösekontrolle in
einem Schleppkanal. Dazu werden zunächst die Oszillatoreigenschaften in separaten Versuchen ermittelt.
Es zeigt sich, dass die Oszillationsfrequenz mit der Strahlgeschwindigkeit skaliert, sowohl in Wasser als
auch in Luft. Dadurch können die Geschwindigkeiten und Frequenzen zwischen den unterschiedlichen
Medien übertragen werden. Die visuelle Analyse der Oszillatordurchströmung zeigt lediglich lokale
Kavitationseffekte außerhalb der Oszillatoren. Die Oszillationsbewegung des Strahls ist unbeeinflusst
von diesen Kavitationseffekten, sodass die Effektivität der Strömungskontrolle nicht beeinflusst ist. Der
Schub der fluidischen Oszillatoren ist größer als der theoretische angenommene Wert. Die Machbarkeit
von Schleppkanalversuchen zur Strömungskontrolle an stumpfen Körpern ist durch Widerstands- und
Druckmessungen sowie anhand von Unterwasser-PIV-Messungen gezeigt worden. Die Ergebnisse aus der
Schlepprinne sind vergleichbar mit den Windkanalresultaten.
Die dritte Studie konzentriert sich auf die Strömungsdynamiken im Nachlauf des Versuchsmodells
ohne Strömungskontrolle sowie für ausgewählten Strömungskontrollkonfigurationen. Verschiedene
Auswertemethoden, z.B. die Berechnung konditionierter Mittelwerte, Spektralanalysen und die SPOD
(Spectral Proper Orthogonal Decomposition), werden auf die zeitaufgelösten PIV- und Druckdaten
angewandt. Der unbeeinflusste Nachlauf zeichnet sich durch einen vertikal orientierten, bistabilen
Zustand aus, welcher durch das Seitenverhältnis der Stirnfläche bestimmt ist. Höherfrequente Effekte,
welche in der gängigen Literatur schon beschrieben wurden, werden validiert. Eine Kopplung zwischen
diesen Frequenzen und der Bistabilität ist beobachtet worden. Die Anwendung der Strömungskontrolle
verursacht signifikante Änderungen in den Nachlaufdynamiken. Eine Abschwächung oder die vollständige
Unterdrückung der typischen Nachlaufeffekte ist zu erkennen. Der direkte Zusammenhang zwischen
aerodynamischen Widerstand und den kohärenten Nachlaufeffekten und deren Energiegehalt ist gezeigt
worden.
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Chapter 1 | Motivation

Legislation and customer requirements together with tendentially higher fuel prices have led to an
increased interest from manufacturers to produce sustainable, economical, and efficient vehicles. Through
the use of new technologies, the demands on low emission and fuel-efficient vehicles may be met on three
fronts: designing power units with high fuel efficiency and low emissions, reducing weight which yields
a significant reduction of the rolling resistance, and last but certainly not least a reduction of the ever
present aerodynamic drag. The latter case seems to be the most promising because modern technologies
are expected to give the highest pay back at low costs.
At cruising highway velocities, most of the fuel consumed by a long hauling heavy truck is simply spent
on overcoming the aerodynamic drag. At velocities above 60 km/h the aerodynamic drag becomes the
dominant part of the total resistance of these vehicles. The fuel efficiency of a truck (i.e., a tractor-trailer
combination) is influenced by its shape and physical dimensions. However, the dimensions are drastically
limited by legislation and economic requirements. The parallelepiped shape of the trailers is meant to
optimize volume loading, and due to restrictions in truck size, not even drag-reduction devices can exceed
specified geometric limitations. An interesting observation in this context is that a reduction of total drag
by 2% will lead to about 1% fuel economy improvement for a 40 ton truck traveling at a velocity of 80
km/h [1].
Over the last decades a vast number of studies have been published in the area of truck/ bluff body
aerodynamic. From a fundamental point of view, the flow field formed around a bluff body is studied
which constitutes a classic area within fluid mechanics. The aerodynamic drag is mostly attributed to
the pressure difference between the frontal area and the rear end. A large portion of the total drag of a
long hauling truck originates from the separated flow behind the vehicle [1]. The freestream separation
inhibits a pressure recovery at the rear end and causes the formation of a low-pressure recirculation area.
An extensive overview of the state-of-the-art is provided by Hucho [2] and Choi et al. [3].
A multitude of potential approaches for the aerodynamic optimization of trucks have been proposed over
the last decades (e.g., side skirts or turning vanes). Promising devices for the aerodynamic enhancement
of the wake flow field are base plates or so-called base flaps which are mounted on the rear end under a
certain deflection angle relative to the freestream. These devices contribute to a pressure recovery along
the plates and a downstream shift of the recirculation area. Due to the increase of the rear end pressure,
base flaps have been shown to be the most effective and practical rear end modification. Practical solutions
of de-/ attachable, retractable or foldable aerodynamic devices have already been developed for trucks
and trailers [4]. Recently, the legislation has changed [5] to allow the additional application of these add-on
devices to the rear end of the trucks. However, the effect of these add-on devices is limited and potential
remains to improve on it.
The capability of base flaps to be an effective separation control method disappears for flap angles
exceeding a critical deflection angle. In this case, the freestream does not provide enough momentum to
stay attached over the flaps. A potential solution is the utilization of active flow control to add external
momentum to the flow close to the surface. The idea is that the boundary layer that would generally
separate over a surface is energized with a high-velocity fluid and thus, the flow remains attached over the
flaps. Keeping the flow attached over a larger portion of the flaps leads to an increased pressure recovery
such that the overall effectiveness is improved. A simple, effective, and frequently utilized separation
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Chapter 1. Motivation

control method is offered by fluidic oscillators or so-called sweeping jet actuators. Fluidic oscillators emit
a spatially oscillating jet without the use of moving parts to affect a large area with comparably small
volume flow rates. Fluidic oscillators appear to be a promising tool for active separation control on heavy
vehicles in conjunction with flat base flaps.
The feasibility and effectiveness of both methods, passive flow control via base flaps in conjunction with
active flow control via fluidic oscillators, is evaluated in this work. The General European Transport
System (GETS model) is utilized as representative bluff body model. Therefore, various experimental
studies are conducted in the large wind tunnel of the Technische Universität (TU) Berlin. Beside a
comprehensive description of the underlying flow control parameters on the time-averaged flow properties,
the wake dynamics are further investigated. The coherent wake structures have a significant impact on the
aerodynamic drag. Therefore, these wake effects are examined in detail and compared to the literature.
Transient flow effects typically occurring downstream of a bluff body are determined and analyzed by
means of different evaluation methods. The impact of the passive and active flow control methods on the
typical baseline wake dynamics (e.g., the bistable wake shift or the wake pumping) is investigated.
A closer look at many experimental studies on the aerodynamics of bluff bodies reveals that the experimen-
tal boundary conditions are different from those of a vehicle traveling on a road. Full-scale test, on-road
as well as in the wind tunnel, are technical challenging, expensive, and may be affected by undesirable
disturbances (e.g., blockage, side wind, or gust effects). Modern vehicle aerodynamic wind tunnels are
equipped with moving belts to approximate a more realistic ground effect. These complex systems focus
on a modification of the underbody flow by adding a relative motion between truck and ground. However,
this setting is not a full representation of realistic boundary conditions. In order to address the effect of
experimental boundary conditions, the current project comprises experimental investigations in a water
towing tank. The bluff body model is attached to a towing carriage which travels along a water basin. This
test procedure provides the relative motion between model and quiescent environment which agrees with
reality. Additionally, the towing tank experiments enable optimized test conditions in terms of sufficiently
large Reynolds numbers and negligible blockage effects. Therefore, the current work proves the feasibility
of towing tank experiments for bluff body experiments and compares the acquired results with the wind
tunnel experiments. Additionally, the transferability of the flow control approach (base flaps and fluidic
oscillators) to experiments in water is examined.
First, a brief overview on the relevant fundamentals is given in Chapter 2. While the publications attached
in Chapter 4 provide information related to their respective topic, the focus of Chapter 2 is more on a
general overview. The wind tunnel and the towing tank test rig, the used measurement techniques, and
the measurement procedure are described in Chapter 3. The results of the experiments are analyzed and
discussed in the publications listed in Chapter 4. The publications are listed in chronological order:

I Schmidt, H.-J., Woszidlo, R., Nayeri, C. N., & Paschereit, C. O. Drag Reduction on a
Rectangular Bluff Body with Base Flaps and Fluidic Oscillators. Exp Fluids, 56(7):151,
2015. doi:10.1007/s00348-015-2018-3. (Author’s Accepted Manuscript)
The final publication is available at Springer via http://dx.doi.org/10.1007/s00348-015-2018-3.

II Schmidt, H.-J., Woszidlo, R., Nayeri, C. N., & Paschereit, C. O. Separation Control
with Fluidic Oscillators in Water. Exp Fluids, 58(8):106, 2017.
doi:10.1007/s00348-017-2392-0. (Author’s Accepted Manuscript)
The final publication is available at Springer via http://dx.doi.org/10.1007/s00348-017-2392-0.

III Schmidt, H.-J., Woszidlo, R., Nayeri, C. N., & Paschereit, C. O. The Effect of Flow
Control on the Wake Dynamics of a Rectangular Bluff Body in Ground
Proximity. Exp Fluids, 59:107, 2018. doi:10.1007/s00348-018-2560-x. (Author’s
Accepted Manuscript)
The final publication is available at Springer via http://dx.doi.org/10.1007/s00348-018-2560-x.

2

http://dx.doi.org/10.1007/s00348-015-2018-3
http://dx.doi.org/10.1007/s00348-015-2018-3
http://dx.doi.org/10.1007/s00348-017-2392-0
http://dx.doi.org/10.1007/s00348-017-2392-0
http://dx.doi.org/10.1007/s00348-018-2560-x
http://dx.doi.org/10.1007/s00348-018-2560-x


Chapter 1. Motivation

A discussion of Publication I, II, and III in the overall context is provided in Chapter 5. The discussion
contains a description of the main challenges which appeared throughout these studies. Furthermore, the
obtained results, the main shortcomings, a description of the technical and analytical improvements, and
the introduction of topics for a continuation of this work conclude the present work.
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Chapter 2 | Fundamental Background Information

The present chapter outlines the relevant fundamentals as an addition to the material discussed in Publi-
cation I - III. The aerodynamic properties of bluff bodies are described in Section 2.1, followed by an
overview of common flow control methods for the aerodynamic optimization of bluff bodies with further
information on fluidic oscillators (Section 2.2). Section 2.3 provides additional information on both of the
working fluids, air and water, with focus on scaling and boundary effects.

2.1 The aerodynamics of bluff bodies

From the aerodynamic point of view, there is not a generally valid definition of a ”bluff” body. According
to Hucho [2], the definition of a bluff body rather incorporates the following fundamental conditions:

• The stream- and crosswise extent of the body has similar dimensions. A typical scale for the geometrical
extent of a body is the aspect ratio between length and thickness which is defined as the degree of
slenderness λ. The validity of this definition is limited, because a rectangular body with a large
slenderness ratio (λ > 1) represents a bluff body in terms of the surrounding flow characteristics (i.e.,
flow separation).

• The flow field of a bluff body is characterized by separation. Either adverse pressure gradients or sharp
geometrical changes encourage the flow to separate over a substantial area of the model [6]. A highly
turbulent wake region that is dominated by viscous effects, occurs downstream of the separation region.
Additionally, the periodic shedding of large-scale, coherent vortices induces unsteady, lateral forces.

• The relation of the aerodynamic drag force components may also be an indicator. The drag of a typical
bluff body is dominated by the pressure drag that is attributed to the pressure deficit between front and
rear end. Krajnović and Davidson [7] estimate that 69% of the pressure drag of a typical truck-shaped
bluff body is generated at the rear end. The friction force, on the other hand, plays a minor role. This
dominance of the pressure drag correlates with the extent of the separation region.

• Bluff geometries have an obvious impact on their environment. The freestream is displaced by the
model and affects a larger area independent of flow separation. This effect is observable for example
by free surface effects (waves) at water towing tests with a submerged model close to the water surface.

The baseline flow field of a truck-shaped body is frequently described by numerous authors (e.g.,
Krajnović and Davidson [7], Cooper [8], Khalighi et al. [9], Duell and George [10]). Most of these numerical
and experimental studies focus on the description of the highly turbulent wake that is attributed to the
geometry-induced flow separation at the model’s trailing edges. The current concept of the wake’s
topology proposes a dominating transversal vortex ring that interacts with the surrounding shear layers.
This part of the flow field is also known as the recirculation area. A free stagnation point defines the size
of the wake and is periodically shifted with a so-called pumping frequency fpump. This pumping mode is
related to the shedding of vortices from the trailing edges. Duell and George [10] determined the pumping
frequency to be StH = fpumpH/U∞ ≈ 0.07. The Strouhal number St is defined as the ratio between local
and convective acceleration, where f is the frequency, H the model height, and U∞ the freestream velocity.
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The proposed interpretations for that pumping effect range from periodic interaction of the opposite shear
layers to an interaction of opposite parts of the transversal, torical vortex.
A classical and probably one of the most utilized bluff body shapes is the Ahmed reference model which
was initially introduced as a generic representation of a commercial vehicle [11]. Recent experimental
studies focus on the wake dynamics downstream a blunt version of this model. The Ahmed body’s
cross-sectional aspect ratio corresponds to the inverse of the GETS model, and therefore, the results of
both models may be comparable for inverted orientations of the velocity fluctuations. In addition to the
dynamics reported in previous studies, a predominant bistable shifting motion is observed by several
authors [12–15]. This highly energetic effect manifests as a random, lateral shift between two distinct
positions.
The obstruction or downstream relocation of these and other dominant coherent wake dynamics is
accompanied by an increase in the rear end pressure. Especially the turbulent wake of bluff bodies holds
the potential for significant drag reduction using passive and active flow control. A brief description of
the applicable flow control methods is given in Section 2.2.

2.2 Flow control approaches for bluff body drag reduction

As stated above, the aerodynamic drag of a bluff body is dominated by the pressure drag component that
is commonly associated to the boundary layer separation at the trailing edges. Therefore, the rear end
represents the preferred location for the application of separation control to optimize the aerodynamic
properties of a truck-shaped body. Typically, there are two approaches for the wake field manipulation
which both have their advantages and disadvantages:

• Passive flow control (PFC, Section 2.2.1) comprises the application of add-on devices (e.g., vortex
generators, guiding vanes, or flaps) or slight changes of the external geometry (e.g., change of selected
radii). PFC constitutes an intervention into the geometry of the model, but requires no additional
energy.

• Active flow control (AFC, Section 2.2.2) is generally used to eject additional momentum into the flow
field. The model’s geometry does not have to be changed because the actuators can be incorporated
into the model. However, active flow control requires additional energy to operate the actuators.

Additional background information on separation control and its applications is provided by Gad-el
Hak [16] and Choi et al. [17]. The subsequent sections provide an overview of common passive and active
flow control methods as well as of the fluidic oscillators which are utilized as active flow control actuators
in the present work.

2.2.1 Passive flow control

Passive flow control implies the addition of geometric modifications which can be categorized with
reference to its underlying effects on the flow mechanics:

• Boundary layer control by means of simple turbulators (e.g., tripping, vortex generators) affect a
transverse exchange of momentum between the outer flow field and the boundary layer. The idea is to
increase the streamwise momentum close to the surface (e.g., by enforcing boundary layer transition)
which delays or even suppresses flow separation induced by an adverse pressure gradient [18,19].
This method is mainly applicable to boundary layer separation control on geometries with movable
separation points (e.g., airfoils).

• The direct manipulation of the external flow field, which means an intrusion beyond the boundary
layer, is realized with geometric modifications. These devices (e.g., base flaps, cavities, splitter plates,
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guiding vanes) focus on a manipulation of selected flow features by: (1) breaking up wake structures
(e.g., with splitter plates), or (2) reducing the size of separation regions by deflecting the outer flow
inwards (e.g., by using flaps, rounded edges, guiding vanes, etc.) and relocating the position of
geometry-induced separation.

The latter method has been determined to be the most beneficial passive flow control for bluff bodies
because even simple changes of the wake topology cause significant drag improvements. However, the
application of turbulators (e.g., tripping tape) on a bluff body is of particular importance for small-scaled,
low Reynolds number wind tunnel testing because of the presence of Reynolds number effects. The
reproduction of realistic flow conditions is achievable by either maintaining full-scale Reynolds numbers
or ensuring that the flow is independent of Reynolds number. Cooper [8] demonstrates the impact of
laminar separation and the occurrence of hysteresis effects for different front radii within the transitional
Reynolds number regime. Cooper [8] suggests Reynolds numbers larger than ReH = 2.6 · 106 based on
the model height H to facilitate representative results. Turbulators attached to the front may reduce this
critical value.
As aforementioned, the application of invasive rear end modifications, such as base flaps or cavi-
ties, are most effective in reducing the aerodynamic drag. The attachment of plates to the edges of
a trailer which are inclined under a certain deflection angle to the freestream towards the centerline

Figure 2.1 Commercial solution of base flaps[4]

turned out to be the most practical and effective
devices. The freestream is deflected by the Coanda
effect onto the flaps and boundary layer separation
shifts to the flaps’ trailing edges. The pressure
recovery on the flaps and the downstream shift of
the dominant wake structures cause an increase of
the base pressure. A detailed evaluation of these
devices is provided by Cooper [8] and Browand
et al. [20]. According to their observation an angle
between 13◦ and 15◦ yields the most effective flap deflection angle on a bluff body having the shape of
a heavy vehicle. Flap angles beyond these optimal values provoke the flow to separate again from the
base edges accompanied by an increase of the aerodynamic drag. Small vortex generators upstream of the
base edges may delay this effect to slightly larger flap angles [21]. These base flaps (or boat-tail plates)
have been patented [22] and are established as common add-ons for trailers (e.g., trailer tails shown in
Figure 2.1).

2.2.2 Active flow control

The integration of active flow control (AFC) into the model requires an additional power source for the
operation of the actuators. Thus, a careful examination of the control parameters in terms of efficiency has
to be carried out. AFC can be distinguished regarding its underlying control procedure: active open-loop
control is based on the manual configuration of the control parameter, whereas active closed-loop control
is continuously modifiable according to the response of a reference signal. The effectiveness of active
closed-loop control is closely related to the quality of that reference signal. However, the overall efficiency
estimate is challenging for experiments in a wind tunnel or a towing tank, and is related to the actuation
method and its practical realization. Several simplified approaches for the determination of the power
savings are developed. In case of bluff body drag reduction, Dalla Longa et al. [23] defined an estimate for
the flow control efficiency as the ratio between the power saved by the drag reduction Psaved and the input
power for the flow control P jet to:
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Psaved

P jet
= η jet

2∆FDU∞
0.5ρA jetU3

jet

, (2.1)

where ∆FD represents the drag improvement, A jet the size of the nozzles, U jet the jet velocity, and η jet the
efficiency of the actuation. Equation 2.1 focuses on the fluid mechanical improvements with a simplified
assessment of the (electrical and/or mechanical) losses solely indicated by the factor η jet. This approach
is similar to the definitions published by Seifert et al. [24] or Choi et al. [17].
A vast spectrum of different actuators has been developed in recent decades. Cattafesta III and Sheplak [25]

provide a rough overview on the different actuation concepts and devices. The spectrum of possible
AFC devices ranges from steady jets (e.g., steady straight jets [26], Coanda blowing [27–29]), over unsteady
jets (e.g., zero net mass flux actuators [30,31], pulsed jets [29,32], plasma actuators [33]), to spatially and
temporally fluctuating jets (e.g., fluidic oscillators [34,35] or Suction and Oscillatory Blowing (SaOB)
actuators [36,37]). Similar to passive flow control, AFC is applicable for boundary layer control (active
turbulators) or for the direct manipulation of the external flow features which is mostly utilized in addition
with slight geometric modifications (e.g., Hsu et al. [38] or Barros et al. [29]).

2.2.3 Properties of fluidic oscillators

Fluidic oscillators, also known as sweeping jet actuators, emit a continuous but spatially oscillating
jet. The self-induced and self-sustained oscillation is based solely on the internal flow dynamics and
does not require any moving parts. The oscillation frequency ranges from a few Hz up to several
kHz (Gregory et al. [39]). Initially, fluidic devices were developed in the 1950’s as flow-based logic
circuits; but with the improvement of electronic circuits they became obsolete. Since then, they were
mostly utilized on applications with water as working fluid (e.g., windshield washer [40] or shower head
nozzles [41]). Over the decades, numerous oscillator designs were developed and patented (e.g., Stouffer
and Bower [41]); whereas, their operating procedure basically depends on the same underlying flow effects.
The different oscillator designs can be mainly categorized by the number of feedback channels [34]. Typical
designs are the feedback-free type oscillator patented by Raghu [42], the so-called sonic oscillator with
a single interconnection feedback-channel [43], and the fluidic oscillator with two feedback channels
which corresponds to the geometry patented by Stouffer and Bower [41]. The Suction and Oscillatory
Blowing (SaOB) oscillator introduced by Arwatz et al. [36] represents a modified sonic oscillator. The
actuator combines an ejector that increases the mass flow through suction ports and a fluidic device
similar to the sonic oscillator with a splitter to eject two alternating jets. Gregory and Tomac [44] provide a
comprehensive review of the historical development of fluidic oscillators.
The presented work utilizes an oscillator design with two feedback channels which is similar to the design
patented by Stouffer and Bower [41]. The experimental studies of Bobusch et al. [45] and Woszidlo et al. [34]

provide an extensive description of the internal and external flow dynamics of the jet emitted into a
quiescent environment. Figure 2.2 illustrates the instantaneous velocity magnitude and the respective
streamlines for selected phase angles of half an oscillation period.
The supply jet enters the internal mixing chamber where it is deflected to either side induced by the
Coanda effect. Most of the deflected internal jet is emitted as an external jet in opposite direction. A
portion of the jet stream is cut off by the convergent part of the external nozzle and is redirected through
the respective feedback channel back to the inlet of the oscillator’s mixing chamber. The additional fluid
feeds the separation bubble within the mixing chamber which pushes the internal jet to the other side
(Figure 2.2(a)). Then, the process reinitializes itself on the opposite side leading to a self-sustaining,
periodically recurring process. The spatial extent of the external jet of a fluidic oscillator emitted into
a quiescent environment is visualized for half an oscillation period in Figure 2.2(b) in comparison to a
steady jet at identical conditions.
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Figure 2.2 Visualization of the phase-
averaged flow field of a fluidic oscillator: (a)
the internal and (b) the external flow field
during a half oscillation period. The external
flow is compared to a steady jet through an
identical external nozzle at the same mass
flow rate (extracted from Woszidlo et al. [34])

2.2.4 Fluidic oscillators for flow control

The current section briefly summarizes the research fields utilizing fluidic devices for flow control.
Additionally, the studies with bluff body flow control are described in particular.

Fluidic oscillators include a wide spectrum of applications. In recent years the concept of fluidic
devices has been applied in conjunction with active flow control (e.g., separation- [46,47], noise- [48,49], and
combustion control [50]). Several researchers, including Cerretelli and Kirtley [46], Seele et al. [47], Woszidlo
and Wygnanski [51], Phillips et al. [52], Tewes et al. [53] and DeSalvo et al. [54], verified that these devices
can control flow separation from highly deflected flaps at high Reynolds numbers. It was demonstrated
that fluidic oscillators offer effective and efficient devices especially because they require no additional
feedback control.
Considering the novelty and potential of this technology, fluidic oscillators appear to be a promising
tool for active separation control on heavy vehicles (e.g., in combination with flat base flaps). Several
publications focus on the implementation of different designs of sweeping jet actuators into generalized
and realistic bluff body models for active separation control. Seifert et al. [55] integrated rotatable cylinders,
which are equipped with SaOB actuators, into the rear edges of a two-dimensional bluff body model. A
drag reduction of approximately 20% is predicted. The related net fuel savings are estimated to be 10%
which motivates further wind tunnel and road test [37]. Schatzman et al. [56] utilized the same actuators
for separation control on an axis-symmetric bluff body to assess the drag improvements as a function
of several flow control parameters. Metka [57] and Metka and Gregory [58] integrated the feedback free
oscillators as fluidic vortex generators and Coanda blowing configuration into the roof-slant of an Ahmed
body with different slant angles. Both studies obtained a drag reduction of approximately 7% for a slant
angle of 25◦. Fluidic oscillators are expected to perform similarly well with base flaps to reduce the size
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of a trailer’s wake and therefore its aerodynamic drag. The potential of this combination is documented
by Woszidlo et al. [59] and Metka et al. [60] for an oscillator with two feedback channels. Additionally, the
underlying effect of the spatially oscillating jet is described. Beside energizing the boundary layer with
high-moment fluid, the spatial oscillation of the emitted jet generates a pair of counter-rotating streamwise
vortices which enhance the mixing between the outer flow field and the boundary layer to prevent flow
separation [59].

2.3 Comparison between experiments in water and air

The capability of water towing tank experiments for the investigation of aerodynamic topics is discussed by
Gad-el Hak [61] and Erm [62]. The advantages of water as working fluid (e.g., realistic Reynolds numbers)
motivate several studies on various topics (e.g., for bluff body aerodynamics [63], comparison of boundary
conditions [64], wind energy [65], combustion [66], or fundamental research such as the characterization of
fluidic devices [45]). The following sections address the scaling effects (Section 2.3.1) and the different
boundary conditions (Section 2.3.2) for both working fluids, water and air. For that purpose, the relevant
material properties and scaling parameters of water and air are listed in Table 2.1.

Table 2.1 Properties of water and air at normal conditions (T = 293.15 K, p = 101325 Pa) and characteristic ref-
erence scales (length: Lre f = 1 m, velocity: Ure f = U∞ = 1 m/s, and for the Strouhal number a frequency of
fre f = 1 Hz)

Property Symbol Water Air Unit Ratio Water/Air
Density ρ 998.2 1.205 kg/m3 828.38
Dynamic viscosity η 1.002 · 10−3 18.23 · 10−6 kg/(m · s) 54.96
Kinematic viscosity ν 1.004 · 10−6 15.13 · 10−6 m2/s 0.066
Speed of sound a 1483 343.2 m/s 4.32
Reynolds number Re = U∞Lre f /ν 9.96 · 105 0.66 · 105 - 15.08
Strouhal number St= fre f Lre f /U∞ 1.00 1.00 - 1.00
Froude number Fr = U∞/

√
gLre f 0.10 0.10 - 1.00

Mach number Ma = U∞/a 0.674 · 10−3 2.913 · 10−3 - 0.23

2.3.1 Scaling effects

This section focuses on the fluid properties relevant for the transferability between the different working
fluids.

Material properties and similarity

The material properties relevant for the comparison of aerodynamic investigations in water and air are
listed in Table 2.1. Using water as working fluid enables several advantages compared to air:

• The density of water is about 800 times larger than the density of air which significantly increases the
Reynolds stresses (e.g., for fundamental studies on boundary layers).

• The forces obtainable in water are significantly larger than in air. At identical model dimensions and
freestream velocity the forces are scaled by a factor of about 800. For identical Reynolds numbers
the forces in water are four times larger than in air. This results in higher absolute forces which are
associated with an increase of the measurement accuracy but also with additional requirements on the
stability of the test rig.
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• The kinematic viscosity of water is approximately 15 (i.e., the kinematic viscosity ratio air/water)
times smaller than of water. For identical model dimensions and freestream velocities, the Reynolds
number increases by the same factor.

• The Strouhal number St is inversely proportional to the kinematic viscosity ν:

St = f L/U∞ = f L2/νRe . (2.2)

Typical wind tunnel tests are conducted at larger freestream velocities as achievable in the towing tank.
At the same Reynolds number in water and air, the frequencies in water are approximately 15 times
smaller than in air for identical Strouhal numbers. This relation increases the accuracy of capturing
transient effects in water at identical

• Water is more suitable for flow visualization compared to air because several neutrally buoyant seeding
materials are available (e.g., Vestosint polyamid 12 powder1).

Several similarity requirements have to be fulfilled to ensure the transferability of wind tunnel and towing
tank results. The geometric similarity comprises identical dimension of up- or down-scaled models which
means the ratio of any model scales identically. Up- or down-scaled models are kinematically similar
for identical velocity ratios at corresponding locations. Dynamic similarity (includes the geometric and
kinematic similarity) is satisfied for coincident force ratios (e.g., inertia force or viscous force) within
the flow field. Typically, these forces are aligned in dimensionless numbers such as Reynolds number,
Strouhal number, Mach number, or Froude number. It is recommended to match the majority of these
numbers; however, the proportional scaling of all of these characteristic scales is not feasible.

Cavitation

Water vaporizes at large local velocities where the local pressure drops below a critical level. This affects
the emergence of vapor cavities which break the liquid continuum. Franc and Michel [67] categorize the
causes of the development of cavitation by: the growth of already existing transient isolated bubbles,
sheet cavities, and cavitating vortices which mostly arise in vortex cores. Cavitation typically needs
to be prevented when aerodynamic investigations are carried out in water, because the appearance of
cavitation is accompanied by symptoms such as noise and vibration, reduced performance, erosion of
adjacent components, or changes of the flow field. Therefore, it has to be prevented during the towing
tank experiments, unless it is desired for flow visualization (e.g., utilized by Beaudoin et al. [68]).

Compressibility

The compressibility of liquids, in particular that of water, is negligibly small. In most cases, water is
assumed as incompressible. Therefore, the consideration of several aerodynamic topics (e.g., cruise
conditions for commercial aircrafts) cannot be realized in water as it is deducible from Table 2.1. As a
simple calculation example, to achieve Ma = 0.5 in water a freestream velocity of about U∞ = 750 m/s
is required which is technically not feasible. The density of air can be considered as constant at low
freestream velocities (U∞ ≤ 100 m/s). For higher velocities, the presence of the model causes local
compression effects which changes the density. Since the resulting aerodynamic forces depend on the
density of the surrounding fluid, the compressibility changes the resulting forces. For comparability
purposes, the working fluid needs to be carefully selected regarding the examined application. Complying
Reynolds similarity, experiments in water with down-scaled models may reach the compressible regime
in air. However, the compressibility plays a minor role for the typical bluff body applications.

1http://www.vestosint.com/product/vestosint/en
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2.3.2 Boundary effects

This section briefly describes and compares the test conditions available in both test facilities, the
towing tank and the wind tunnel, and outlines their advantages and disadvantages. The purpose of
aerodynamic experiments is the determination of the relevant quantities under well-defined and controlled
test conditions. The transferability of experiments from laboratory to full-scale depends substantially on
the experimental boundary conditions.

In-flow conditions

In case of vehicle aerodynamics, the adaption of the ground effect represents the most challenging
task because realistic conditions found on a moving vehicle in proximity to the ground cannot be fully
maintained in a wind tunnel. The absence of the relative motion between model and ground motivates the
development of various ground simulation tools. These wind tunnel floor optimizations range from simple
splitter plates over moving belts to boundary layer control via suction and/or tangential blowing. The most
common methods are described by Barlow et al. [69]. A comparison of the results with and without moving
belt technique is provided by Kim and Geropp [70]. While the drag coefficient offers similar values, the
lift and the surface pressure coefficients determined for both configurations obviously differ as a result of
the interaction between turbulent wake and the different boundary layers propagating alongside the model.
However, none of these expensive and complex wind tunnel settings are a full representation for real
conditions. On the other hand, the measuring principle of towing the test objects along the water basin
provides the relative motion between moving model and quiescent environment. The realistic ground
effect is also achievable in water by the installation of a flat stationary surface submerged in the water
tank.
Beside the generation of a realistic ground simulation, the freestream turbulence intensity obtained in a
wind tunnel’s test section represents an important parameter in terms of the comparability of aerodynamic
experiments. Typically, the freestream turbulence level, which depends on the wind tunnel design and
the incorporated devices (e.g., flow straightener), has to be minimized. However, turbulent fluctuations
cannot be completely suppressed. The freestream turbulence in a water towing tank depends merely on
the settling time of the water. Thus, sufficient long waiting time periods enable freestream turbulence
levels of virtually zero.

Blockage

A closed wall wind tunnel test section causes interference effects between model and wind tunnel walls
when the model occupies a larger fraction of the cross-sectional area. This interference is defined as
blockage which can be divided into three effects: solid blockage, wake blockage, and wake-induced drag
increment [71]. The solid blockage is determined by the dimension of the model. The constrained flow
around the model causes the local flow to accelerate which decreases the local pressure. Similar to the
solid blockage, the wake blockage is a displacement of the freestream due to viscous effects such as an
increase of the wake. The wake-induced increment is related to any displacement of the wake’s boundary
layers and the separation bubble due to the presence of the wind tunnel walls. A general overview on
the different correction methods for various model shapes positioned in open and closed test sections is
provided by Cooper [72] and the SAE report SP-1176E [71].
The simplest blockage correction, as declared by Carr and Stapleford [73] as the most accurate method for
bluff bodies with a blockage ratio between 3% and 10%, is the area-ratio method. Carr and Stapleford [73]

determined the quality of the investigated correction methods by the agreement between all experiments
at different boundary conditions. The area-ratio approach represents a simple correction of the dynamic
pressure via the freestream velocity modulation based on the continuity equation. This approach implies
that the location of transition is the same for model and full-scale application [74]. The effective freestream
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velocity and the dynamic pressure for the wind tunnel model used in Publication I and III is estimated by
Equation 2.3 and 2.4 respectively.
The blockage ratio is recommended to be smaller than 5%, whereas the applied correction has to be
smaller than 10% [74]. However, the presented wind tunnel results with a blockage of about 3.2% have
not been corrected so far. The average cross-sectional area within the water towing tank of the TU
Berlin is Atestsection ≈ 40 m2 which results in a blockage ratio of 0.3% (Amodel/Atestsection). Therefore, no
correction is required. However, the influence of the free water surface for tests in a towing tank needs to
be considered.

U∞,corr

U∞
=

Atestsection

(Atestsection − Amodel)
→ U∞,corr = 1.033 · U∞ (2.3)

qcorr

qmeas
=

(
U∞,corr

U∞

)2

=
1

(1 − Amodel/Atestsection)2 → qcorr = 1.067 · qcorr (2.4)

Free surface effects

The absence of blockage effects and the achievement of realistic inflow conditions enable advantageous
test conditions in the water towing tank. However, the experiments with a submerged bluff body may
be interfered by the phase transition between water and air, which requires additional considerations
prior the experiments. The effect of the free surface is part of numerous studies on submerged models.
Larsson et al. [64] focus on the comparison of the ground simulation in water and air. The moving belt
ground simulation and towing tank experiments exhibit comparable drag coefficients but differ in lift and
top-surface pressure coefficients. These discrepancies are attributed to the presence of the free surface.
Aoki et al. [63] determined a relative submergence depth of d/H > 2.0, where d represents the submergence
depth and H the model height, and a depth-based Froude number of Frd < 0.37 to be independent of
the free surface with a box-shaped model. The numerical study of Jagadeesh and Murali [75] on an
axis-symmetric body validates these outcomes. They obtained a strong relation between the free surface
wave profiles and the submergence depth, which mainly affects the pressure drag of the model due to
the wave-making resistance. Molland et al. [76] determine a distinct increase of this drag component for
depth-based Froude number of Frd ≈ 1 for shallow water conditions. Malavasi and Blois [77] and Malavasi
and Guadagnini [78] examined a rectangular bluff body in a water tunnel at different positions relative to
the free water surface and the ground. The variation of the submergence depth exhibits similar results as
described by Aoki et al. [63]. Additionally, the influence of d/H on the wake dynamics (e.g., shedding
frequency) is illustrated. Mansoorzadeh and Javanmard [79] emphasize that the submergence depth d has
to be increased when increasing the freestream velocity to be independent of the submergence. Beside
these intuitive relations, Tschepe et al. [80] indicate that the shape of the wave has to be taken into account
because of the induced hydrostatic pressure.
In summary, the effect of the wave shape on the flow field of a submerged body is not investigated in
detail so far but it is negligible at a certain submergence d. The available results are difficult to apply
to the current study. A simple solution for the suppression of free surface effects at small submergence
depths d may be the implementation of a flat plate to the water surface, for example an acrylic glass plate
that additionally enables an undistorted optical access.
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The current chapter briefly describes the employed test facilities in Section 3.1, the bluff body model
used and its modifications for the respective test facility in Section 3.2, and the applied measurement
techniques for air and water in Section 3.3. It is merely intended to provide supplementary information to
Publications I-III that include all pertinent information regarding setup and instrumentation.

3.1 Test facilities

The test facilities for the experiments with the GETS model are located at the TU Berlin. A short
description of both, the wind tunnel and the towing tank is provided by Section 3.1.1 and Section 3.1.2,
respectively.

3.1.1 The wind tunnel of the TU Berlin

Silencer

Silencer

Settling
chamber

Fan

Noozle
U
∞

Measurement section 4 × 2.5 m

Figure 3.1 The large close-loop wind tunnel (GroWiKa) of the TU Berlin

The wind tunnel experiments presented in Publication I and III are conducted in the large, closed-circuit
wind tunnel of the Hermann-Föttinger Institute of the TU Berlin. The wind tunnel contains a single-
stage axial fan with a manually modifiable pitch and an output performance of 300 kW. Figure 3.1
schematically illustrates the design of this wind tunnel that consists of interchangeable test sections and
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settling chambers to facilitate measurements with different model dimensions and freestream conditions.
The bluff body experiments are examined in the first test section downstream of the contraction, which has
a cross-sectional area of 2 m × 1.4 m. The speed of the fan is computer-controlled, achieving freestream
velocities up to 58 m/s which corresponds to a Reynolds number of Re = 1.35 · 106 based on the model
height H. The turbulence level within the test section is Tu < 0.4%. The freestream velocity is determined
via a Pitot-static tube which is located approximately 0.2 m downstream the wind tunnel contraction.
The dynamic pressure provided by the Pitot-static tube is measured with a Baratron at a resolution of
1000 Pa/V and an applicable range of 10 kPa. All cables, hoses for actuation, and mounting struts are
guided by streamlined enclosures which are mounted to the test section floor. The wind tunnel’s test
sections provide enough space and optical accesses for the applied optical measurement systems and the
associated equipment such as traverses.

3.1.2 The towing tank of the TU Berlin

The large water towing tank of the Technische Universität Berlin is utilized for the experiments in water.
The towing tank has an overall length of 233.6 m, a width of 8.1 m, and an average depth of 4.5 m
(illustrated in Figure 3.2). Wave-breakers are installed at the front and the side of the towing tank in
order to restore quiescent conditions after a shorter settling time. Additionally, the test facility contains a
drainable preparation area which can be separated from the main tank by a bulkhead.

(a) (b)

Figure 3.2 The towing tank of the TU Berlin: (a) location plan with color-marked water basin, and (b) a photo
of the tank and the towing carriage during the experiments (facing west)

A towing carriage (type T31 designed by Kempf and Remmers) with a total mass of about 25 tons moves on
two rails which are mounted to the walls of the basin and leveled with the curvature of the earth to keep the
distance between measurement platform and water surface constant. The towing carriage (Figure 3.2(b))
includes a computer-controlled, vertically and horizontally traversable measurement platform which serves
as mounting for the test objects and measurement equipment (e.g., the underwater PIV system). Additional
loads of 2 tons in vertical and 1 ton in horizontal direction can be applied to the measurement platform.
The carriage can travel the entire length of the towing tank at computer-controlled velocities. It is powered
by eight 50 kW DC motors achieving a maximum carriage speed of 12.5 m/s, which corresponds to a
Reynolds number of about Re = 12 · 106 per meter. A maximum acceleration of 1 m/s2 is achievable.

3.2 The bluff body model

The bluff body model utilized in this work was designed by Van Raemdonck and Van Tooren [81] as a 10%
scaled representative of a long-haul truck. The model has an overall length of L = 1.65 m, a height of
H = 0.35 m, and a width of W = 0.26 m. The outer dimensions correspond in general to a truck-trailer
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combination without specific details (e.g., wheels, side mirrors) to provide a generalized reference model
for the scientific community. The aspect ratio of the General European Transport System (the so-called
GETS model) is similar to the inverse aspect-ratio of an Ahmed body which was initially introduced by
Ahmed et al. [11]. The outer hull and the internal design are modular such that it can be integrated into
both test facilities with ease and only minor modifications. Most of the external parts, including the base
flaps and the AFC system are used in both test facilities. Figure 3.3 shows the wind tunnel and towing tank
model investigated in the present study. The specific model characteristics are illustrated in Section 3.2.1
and 3.2.2 for the respective test facility.

(a) (b)

Figure 3.3 Visualization of the GETS model and the internal supply system installed into: (a) the wind tunnel,
and (b) the water towing tank

3.2.1 The wind tunnel model

The wind tunnel model (Figure 3.3(a)) is directly connected to the external wind tunnel balance which
is located underneath the first test section. The pressurized air for the AFC system is provided by an
external supply system via a large supply hose. The mass flow is controlled via an external mass flow
controller and distributed by a tube system within the model. The force measurement via an external
balance requires a wind-shielded mounting to reduce distortions by the incoming freestream. The external
force measurements allow the connection of the supply hose to the mounting struts. The influence of the
external hose alignment is determined experimentally. Further details are provided in Section 5.1.1.

3.2.2 Modifications for the towing tank

The towing tank model (Figure 3.3(b)) is connected to the carriage via a framework of welded steel plates
which requires a modification of the external model opening for this connection. The force sensors are
located within the model and therefore the mounting framework requires no additional cover. The internal
mounting was optimized during this project. Finally, four one-component balances are added to the test
object, two at the front and two at the rear end of the model’s internal structure. This internal connection
is optimized for the reduction of flow-induced vibrations which may be a potential source for damaging
the test rig. Larger inertia forces in water during the acceleration and deceleration process are reduced by
the addition of polyethylene foam pieces into the model which reduce the amount of water transported
within the model. The supply hose is partly connected to the mounting. Therefore, the influence of the
supply hose has to be determined in detail by the calibration procedure described in Section 5.1.1. An
additional pressure chamber for the supply of the AFC is positioned within the model. This pressure
tank has three main functions: (1) the even distribution of the pressurized water by coarse grids located
within the tank, (2) the reduction of streamwise hose forces by mounting the supply hoses vertically to the
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pressure tank, and (3) the determination of a reference pressure that ensures the statistical correction of
the AFC supply rates (detailed described in Section 5.1.2). The internal hydrodynamic momentum of the
redirected internal supply flow in drag direction is estimated to be less than 0.3% of the respective drag
value due to the large cross section of the pressure tank.

3.3 Measurement techniques

The data acquisition (DAQ) system used in this work contains several NI 9188 mainframes manufactured
by National Instruments equipped with 8 analog input modules (NI 9215 (BNC)) and amplifiers with an
output potential of ±10 V. The DAQ-system and the measurement software (designed with LabVIEW)
is utilized for synchronized recording of the time-resolved pressure and force values in water and in air.
Additionally, the towing carriage velocity is provided by a WAS4 pro Freq frequency to voltage converter
from Weidmüller, the freestream velocity of the wind tunnel acquired by an additional differential pressure
sensor (Baratron), and the triggerbox-signals for the PIV measurements are recorded synchronously. The
following sections summarize the used measurement techniques.

3.3.1 Measurement techniques in air

The aerodynamic forces are determined with a six-component balance which is positioned underneath
the first test section. The forces are measured via a direct power transmission into six load cells. The
vertically oriented load cells have a nominal load of 2.2 kN and the horizontally aligned load cells have a
range of 1.5 kN. This arrangement allows the recording of all aerodynamic forces and moments with an
accuracy of 0.1% and 0.3% full-scale, respectively. The response time of the balance is about 0.5 s which
only allows the acquisition of time-averaged values.

Small capacitive difference sensors (HDO Series by FirstSensors) are connected to pressure taps for
the determination of the surface pressure distribution. The pressure sensors have an applicable range of
10mbar with a full-scale error of 0.1%. The reference pressure is provided by the static pressure tap of
the Pitot-static tube located within the measurement section. The sensors are calibrated with a Halstrup
Walcher KAL 84 pressure calibrator.

Particle Image Velocimetry (PIV) is a state of the art, laser-based and therefore non-invasive measurement
technique. Neutrally buoyant tracer particles are injected into the working fluid. Vaporized Di-Ethyl-
Hexyl-Sebacat (DEHS) is typically used in air. Double-pulsed laser beams are guided by a laser-arm to
the light sheet optic which generates a thin divergent light sheet to illuminate planar cross- or streamwise
sections downstream the bluff body model. The light sheet illuminates the tracer particles and the
synchronized cameras capture the reflected laser light. A stereoscopic PIV system, as used in this work,
contains two cameras for the determination of the three velocity components in these planes (2D3C-
PIV). The cameras and the laser are synchronized by a trigger-box. A comprehensive overview on that
measurement technique is given by Raffel et al. [82]. A high-energy PIV system is utilized for Publication I
and a high-speed PIV system for Publication III. The components of these systems (laser and camera) are
listed in Table 3.1.

3.3.2 Measurement techniques in water

The parameters measured in the towing tank are the same as recorded in the wind tunnel. Due to the
deviating material properties and test conditions (as described in Section 2.3.1), different sensors have to
be applied to the towing tank model.
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Table 3.1 Components and properties of the PIV systems used for the wind tunnel experiments

Component high-energy PIV high-speed PIV

Laser

type Quantel Twins Laser System Quantronix Darwin Duo 100
energy per pulse 171 mJ 60 mJ
wave length 532 nm 527 nm

Camera

camera type PCO 2000 Photron Fast-Cams SA1.1
chip type CCD CMOS
dynamic range A/D 14 bit 12 bit
resolution 2048 × 2048 px 1024 × 1024 px
max. frames rate (max.res.) 14.7 fps 5400 fps
pixel size 7.4 µm 20 µm

The density of water increases the hydrodynamic forces by a factor of four when the Reynolds number
is identical as in air (see Section 2.3.1). Therefore, the balances require a higher nominal load for the
experiments in the water towing tank. The larger forces impinging on the submerged model in combination
with the reduced frequency wake modes may induce structural vibrations. Therefore, the entire mounting
is modified. Four bending beam sensors (KD140 by ME Messsysteme with a nominal range of 500 N) are
installed into the model, as mentioned in Section 3.2.2 and described in Publication II. The balances are
modified by the manufacturer to make them waterproof adding synthetic adhesives as cover for the strain
gauge. This modification requires additional calibrations of the balances.

The dynamic pressure in water increases by a factor of approximately four compared to air at identical
Reynolds numbers. Additionally, the hydrostatic pressure increases by 1.0 · 104 Pa/m submergence while
the reference pressure is captured outside the towing tank. Therefore, the full-scale range of the pressure
sensors is set to ±1 bar with regards to both, the maximum freestream velocity and submergence. The
sensors used for the towing tank experiments are of the HMU Series by FirstSensors with a water-resistant
high-pressure port. The reference pressure port is located externally in an enclosure on the towing carriage
to reduce the impact of the freestream. The pressure transducers are coated with epoxy-resin to make
them water-tight. A detailed calibration in water is necessary for each sensor to exclude any disturbances
due to the coating. The sensors’ high-pressure port is connected to the pressure taps of the model. For the
determination of the time-resolved pressure, it has to be ensured that the tubes are completely filled with
water without air inclusions.

The underwater stereo PIV system comprises the same components as the conventional high-energy stereo
PIV systems used in the wind tunnel. The performance characteristics of the cameras and the laser used in
Publication II are listed in Table 3.2.
A streamlined, submersible probe is used as housing for the light sheet optics and the cameras (see
Figure 3.4). The alignment and position of the components depends on the orientation of the light sheet
plane and the position of the test object (i.e., streamwise or crosswise measurement planes, back-scattered
cameras). Small CCD-cameras (pixelfly usb by PCO) and an open light sheet optics are utilized, due to
the limited space within the underwater PIV housing. The camera sections are located downstream the
light sheet optics. Their porthole sections are designed to have a relative distance of 1.42 m between PIV
housing and center of the measurement area (Figure 3.4). The entire measurement procedure is similar to
the wind tunnel experiment, except for the calibration process which has to be performed by submerging
the entire PIV system and the calibration plate (”target”). Compared to the wind tunnel measurements, the
access to the equipment is limited. However, the calibrated PIV system can be traversed in all direction
without the use of further calibration as long as the cameras and the light sheet optics are located within
the underwater housing.
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Table 3.2 Components of the underwater PIV system used for the towing tank experiments

Component underwater PIV

Laser
type Quantel Evergreen 200
energy per pulse 202 mJ
wave length 532 nm

Camera

camera type PCO pixelfly usb
chip type CCD
dynamic range A/D 14 bit
resolution 1392 × 1040 px
max. frames rate (max.res.) 13.5 fps
pixel size 6.4 µm

U∞

Lightsheet
optic section

Camera
section 1

Camera
section 2

Figure 3.4 Sketch of the underwater PIV system with indicated laser sheet and camera views (top view)
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This chapter contains the publications in chronological sequence:

I Schmidt, H.-J., Woszidlo, R., Nayeri, C. N., & Paschereit, C. O. Drag Reduction on a
Rectangular Bluff Body with Base Flaps and Fluidic Oscillators. Exp Fluids, 56(7):151,
2015. doi:10.1007/s00348-015-2018-3. (Author’s Accepted Manuscript)
The final publication is available at Springer via http://dx.doi.org/10.1007/s00348-015-2018-3.

II Schmidt, H.-J., Woszidlo, R., Nayeri, C. N., & Paschereit, C. O. Separation Control
with Fluidic Oscillators in Water. Exp Fluids, 58(8):106, 2017.
doi:10.1007/s00348-017-2392-0. (Author’s Accepted Manuscript)
The final publication is available at Springer via http://dx.doi.org/10.1007/s00348-017-2392-0.

III Schmidt, H.-J., Woszidlo, R., Nayeri, C. N., & Paschereit, C. O. The Effect of Flow
Control on the Wake Dynamics of a Rectangular Bluff Body in Ground
Proximity. Exp Fluids, 59:107, 2018. doi:10.1007/s00348-018-2560-x. (Author’s
Accepted Manuscript)
The final publication is available at Springer via http://dx.doi.org/10.1007/s00348-018-2560-x.

The first paper presents a parameter study that focuses on the effect of the flow control approaches on the
mean flow conditions. The second paper describes the suitability of fluidic oscillators for flow control in
water. The last paper investigates the spatial and temporal emergence of coherent wake structures with
and without flow control. The discussion and analysis of the main outcomes is provided in Chapter 5.
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Abstract The present paper investigates drag reduc-
tion on a rectangular bluff body by employing base flaps
and controlling flow separation with fluidic oscillators.
Wind tunnel experiments are conducted to assess the in-
fluence of various parameters. The flap length has to be
sufficiently long to shift the wake structures far enough
downstream away from the base plate. Any additional
increase in flap length does not yield any further bene-
fits. The flap angle has to be large enough to provide a
sufficient inward deflection of the outer flow. If the angle
is too large, actuation becomes inefficient due to the
pressure gradient imposed by the opposite side of the
base perimeter. Furthermore, the flaps at high deflection
angles provide additional area for low pressure to act in
the streamwise direction and thereby negate the positive
effects of actuation. The required actuation intensity is
best governed by the ratio between jet and freestream
velocity for varying oscillator spacing. For a flap angle of
20◦, the smallest net drag is obtained at a velocity ratio
of 4.5. Furthermore, the optimal velocity ratio for the
most efficient drag reduction changes linearly with flap
angle. Smaller flap deflections require a smaller velocity
ratio for optimal control at different oscillator spacing.
A net drag reduction of about 13% is measured at a flap
angle of 20◦ when the drag is corrected by the momen-
tum input. Even if the measured drag is conservatively

H.-J. Schmidt · C.N. Nayeri · C.O. Paschereit
Institute of Fluid Dynamics and Technical Acoustics
Hermann-Föttinger-Institut
Technische Universität Berlin, Berlin, 10623, Germany
E-mail: hanns-joachim.schmidt@tu-berlin.de
R. Woszidlo
The University of Kansas
Aerospace Engineering Department
1530 W 15th St, Lawrence, KS 66045, USA
E-mail: rene@ku.edu

corrected by the energy coefficient, a net improvement
of 7% is achieved. For the current setup the most ef-
ficient drag reduction is still obtained at smaller flap
angles with a lower momentum input. However, the
presented results support the general feasibility of this
drag reduction approach with significant room left for
optimization.

1 Introduction

Manipulating the aerodynamic behavior of bluff bodies
through the application of flow control presents a chal-
lenging task. Several studies addressed the fundamental
flow mechanics and the aerodynamic behavior of bluff
bodies especially the drag generating dynamics within
the near wake [Ahmed et al., 1984; Roshko, 1993; Du-
ell and George, 1999]. The flow field of bluff bodies is
dominated by large-scale, geometry-induced separation
imposing a significant pressure deficit between the front
and rear of the body [Hucho, 2012]. This deficit is the
main contributor to the total aerodynamic drag. The
near wake is characterized by highly turbulent structures
and an evolving recirculation area.
In most applications the shape of bluff bodies is pre-
defined based on practical and legislative requirements
(e.g., the outer dimensions of trucks). For decades, truck-
shaped bodies have been the focus of numerous experi-
mental and numerical investigations [Storms et al., 2001;
Krajnović and Davidson, 2003; Van Raemdonck and
Van Tooren, 2008]. Due to current legislative resolutions
regarding the maximum authorized dimension of heavy
vehicles [European Union, 2015], the research related to
drag reducing add-on devices has experienced increased
interest. Several approaches of passive devices were il-
lustrated by Mason and Beebe [1978], Wood [2004],
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Englar [2001], and Choi et al. [2014]. The most common
devices include base cavities, turning vanes, rounded
edges, underbody skirts, vortex generators, and inclined
base flaps. Deflected base flaps are considered one of
the most useful and effective drag reduction approaches
[Choi et al., 2014]. These flaps yield a reduction in
drag by manipulating the near wake. The deflected flow
causes an increased pressure recovery along the base
flaps in combination with a downshift of the intensive
wake structures. Cooper [1985] reported that flat plates
are more effective than curved plates. Despite the po-
tential of base flaps, their possible improvements are
limited. Cooper achieved a maximum aerodynamic drag
reduction of ∆CD = 7−10% with a flap angle of δ = 15◦
whereas Browand et al. [2005] found an optimum at a
slant angle of δ = 13◦. For flap angles exceeding these
values, the flow separates over the flaps. Thereby, the
tapering effect of the near wake and the associated drag
reduction vanish. Cooper [1985] also noted that at higher
deflection angles the presence of the flaps even causes
an increase in drag.
Active flow control (AFC) provides another effective op-
tion to reduce the pressure induced drag of bluff bodies.
The capabilities of the diverse approaches to manipulate
the near wake were extensively studied. For example,
Seifert et al. [2009] examined active flow control with
pulsed blowing and suction on a two dimensional generic
truck model. Pulsed blowing at the upper rear edge led
to a net drag reduction of ∆CD = 6− 7%. Pastoor et al.
[2008] achieved a drag reduction of 15% on a two dimen-
sional bluff body when applying open- and closed-loop
control with zero-net-mass-flux actuators located at the
base edges. Schatzman et al. [2014] investigated in de-
tail the related effects of steady suction-and-oscillatory-
blowing actuators on the flow of an axisymmetric bluff
body achieving a drag reduction of about 15% when ac-
counting for the power consumption. Barros et al. [2014]
examined the effect of pulsed jets located around the
base perimeter of an Ahmed model without a slanted
rear end. The pulsed jets were emitted tangential to
the side walls and reduced the pressure drag by 10%
without accounting for the energy expenditure of the
flow control system.
In certain cases, the addition of active flow control can
potentially enable a performance increase of passive
devices. For example, a significantly higher pressure
recovery is obtained by suppressing flow separation at
higher deflection angles of base flaps [Hsu et al., 2004;
Nayeri et al., 2009]. Hsu et al. [2004] examined the
effect of oscillating perturbations introduced at the lead-
ing edge of base flaps. A delay of flow separation up
to higher flap angles was obtained. However, the drag
reduction was not improved by the actuation when com-

pared to the passive case. Nayeri et al. [2009] combined
base flaps with constant blowing, constant suction, and
pulsed blowing through small slots at the base edges.
A significant decrease in the aerodynamic drag was
identified which was reasoned by a stronger pressure re-
covery and the reduction of the wake size. Although the
aerodynamic effect of the actuation was considerable,
the required energy input rendered this kind of actua-
tion inefficient [Englar, 2001; Littlewood and Passmore,
2012].

A potential alternative for an active flow control method
is offered by fluidic oscillators. The preliminary work
for the current study was provided by Woszidlo et al.
[2014] and Schmidt et al. [2015] who examined the fea-
sibility of employing fluidic oscillators on a bluff body
equipped with base flaps. The main advantage of fluidic
oscillators is the generation of a high frequency and
self-sustaining oscillating jet which affects a wide spatial
area without the use of any moving parts. The required
mass flow rates are reduced due to the increased spacing
between adjacent jets. A typical oscillator design and
its conceptual inner flow pattern is illustrated in Fig-
ure 1(a). The supplied flow enters the mixing chamber
in a bi-stable state and is deflected by the Coanda-
effect. The oscillation is provoked by the self-induced
switching motion of the internal jet which is initiated
by the back flow through the feedback channels. Fig-
ure 1(b) visualizes an instantaneous snapshot of the
outer flow field. The frequency depends on the geometry,
the size and the supply rate of the oscillator. Previous
investigations on the particular oscillator design were
conducted by Gaertlein et al. [2014] and Ostermann
et al. [2015a]. The experimental work of Gaertlein et al.
[2014] and Ostermann et al. [2015a] provided a compre-
hensive description of the phase-averaged internal and
external flow field for an oscillating jet in a quiescent
environment. Ostermann et al. [2015b] examined and
discussed various phase-averaging methods of the natu-
rally oscillating flow field. The aforementioned studies
are limited to the incompressible regime. However, for
most flow control applications, the velocity of the jet
is well within the compressible regime. Some prelimi-
nary information on compressibility effects were recently
presented by Von Gosen et al. [2015]. Only qualitative
information are currently available with the presence of
a freestream. Flow visualizations of the external flow
pattern by Woszidlo and Wygnanski [2011] and Woszidlo
et al. [2014] suggested that the oscillating jets introduce
streamwise vorticity which enhances the mixing between
the outer flow and near flow region. The current experi-
mental study examines the general feasibility of active
separation control by means of fluidic oscillators. These
devices are implemented upstream of base flaps which
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Fig. 1: (a) Schematic illustration of the geometry of the used fluidic oscillator and the internal flow pattern; and (b) its sweeping
pattern visualized with water

are attached to the base plate of a bluff body with a
rectangular cross-section. The influence of each investi-
gated parameter on the aerodynamic drag is discussed.
Furthermore, a description of the flow field around the
model is presented. The flow field observations using par-
ticle image velocity (PIV) and pressure measurements
are focused on the near wake region.

2 Setup and Instrumentation

The bluff body examined in this study is a 10% scaled
GETS (General European Transport System) model as
introduced by Van Raemdonck and Van Tooren [2008].
The rectangular shape has a width-to-height ratio of
0.74 and represents an European long-haul heavy duty
vehicle without any of the geometric details (e.g., tires,
side mirrors, gap between truck and trailer, etc.). The
outer dimensions of the model, the air supply system,
and the internal retaining structure are illustrated in
Figure 2. The origin referred to in this paper is located at
the center of the base plate. The front edges are rounded
with a radius of 54mm. Van Raemdonck and Van Tooren
[2008] defined the front radius based on the trans-critical
Reynolds number as determined by Cooper [1985].
Additionally, the front is equipped with turbulence tapes
to suppress laminar separation [Woszidlo et al., 2014].
The outer aluminum plates are mounted to the inner
structure. Any gaps between these outer plates and
the screw holes are sealed. The connection between the
base flaps and the model is achieved by small sheet
metal angles which are attached to the base plate to
enable the fast exchange of the flaps. Any possible gaps
between the flaps and the base of the model are sealed
to prevent interferences between the recirculation area
within the cavity and the outer flow. The flap angles and
flap lengths are chosen according to previous studies

[Cooper, 1985; Browand et al., 2005] and the results of
Woszidlo et al. [2014]. The parameters investigated in
this study are summarized in Table 1.

Table 1: Summary of the adjustable parameters

Parameter Symbol Unit Applicable Range
Flap length lflap mm 50, 100, 150
Flap angle δ deg 10− 25
Momentum coefficient Cµ % 0− 10
Oscillator spacing ∆s mm 18, 36
Reynolds number Re - up to 7.0 · 105

The oscillators are implemented at the trailing edges.
The orientation of the oscillators is in the streamwise
direction parallel to the side faces of the model. The
vertical edge contains 17 oscillators and the horizon-
tal edge contains 11 oscillators. The spacing between
all adjacent oscillators is set at ∆s = 18mm. Due to
manufacturing requirements, the oscillators have an in-
ward offset of 4.6mm (i.e., 1.3% model height) away
from the outer edges (Figure 2, small frame). This step
presents a small discontinuity which may be optimized
in future investigations. The geometry of the fluidic
oscillator corresponds to the design illustrated in Figure
1(a). The nozzles of the oscillators have an outlet of
1.3mm × 1.3mm. The air supply is provided by four
pressure troughs located internally behind the base (one
for each actuator strip). A coarse screen is positioned
inside the pressure troughs to prevent an uneven distri-
bution of mass flow along the oscillator strips. Woszidlo
et al. [2014] ensured the homogeneous distribution of
the supply rate by analyzing the oscillation frequency
of each oscillator. The experiments were conducted in
the closed-loop wind tunnel of the Hermann-Föttinger-
Institut at the Technische Universität Berlin. The test
section has a length of 7.5m with a cross section of
2m×

√
2m. The GETS model is positioned in the center
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Fig. 2: Illustration of the GETS model with the internal hose and valve system

of the test section. The ground effect for heavy vehicle
applications is not considered in this study. The align-
ment within the test section is set by the zero side force
and yaw moment criterion described by Woszidlo et al.
[2014]. The model blockage of about 3.2% is neglected.
The freestream turbulence level within the test section
is less than 0.5%. The highest freestream velocity in
this study is set to U∞ = 35m/s which corresponds
to a Reynolds number of about Re = 7.0 · 105 based
on the square root of the frontal area

√
A. This length

scale is used in similar investigations [Van Raemdonck
and Van Tooren, 2008; Cooper, 1985], especially when a
rectangular bluff body is considered. Alternatively, the
hydraulic diameter of the rectangular cross-section may
be used as a reference length. If not stated otherwise,
all results presented in this paper refer to Re = 7.0 · 105.
The freestream velocity is monitored by a Pitot tube
downstream of the wind tunnel contraction at the ceil-
ing of the first test section. The dynamic pressure is
measured with a 1000Pa Baratron. The aerodynamic
forces are measured with an external six-component
balance located underneath the test section. The ver-
tical rods attached to the external balance, the main
air supply hose, and the cables of the pressure sensors
are shielded by an airfoil mounted to the floor plate of
the test section to prevent the distortion of the force
measurements. Furthermore, the hose forces from the
air supply system are closely evaluated to minimize any
potential error on the aerodynamic forces. The air sup-
ply hose is guided outside of the test section at very
large radii and perpendicular to the freestream. Tests

without a freestream and various hose positions ensure
that the hose forces are minimal and only detected in
the side force component because side forces are not
discussed in the current study.

The static pressure at the surface of the base flaps and at
the model’s base is measured with time-resolved differ-
ential pressure sensors (HDO Series by Sensortechnics).
The static pressure provided by the Pitot tube is used
as a reference value. The sensors’ nominal load is quoted
with ±1000Pa with a maximum error of less than 0.5%
full scale. The sensors have a response time of less than
0.1ms. The pressure taps at the model’s base are posi-
tioned in an equidistant array of 3×3. The 7−8 pressure
taps on each base flap are staggered along the flaps’ cen-
terline equally spaced in x-direction. The appropriated
sensors are attached behind the base plate within the
model. The velocity field of the model wake is captured
with high-energy Stereoscopic Particle Image Velocime-
try (Stereo PIV) in the vertical symmetry plane and
several crosswise planes at various distances from the
base plate. The measurement system includes a double
pulsed Quantel Nd:Yag Laser with an energy of 171mJ
per pulse and a wave length of 532nm, a mirror arm,
the laser sheet optics, two 14bit PCO 2000 cameras with
a CCD-Chip resolution of 2048 × 2048 pixel, and an
ILA synchronizer connected to the measurement com-
puter. The light sheet illuminates the flow from the test
section ceiling with a thickness of approximately 2mm.
1200 double pictures are recorded at a frame rate of 5
Hz for each configuration. The cameras are positioned
downstream on both sides of the test section with an
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angle of 45◦ to the laser sheet plane. Silicon oil droplets
(DEHS) with an average diameter of 1µm are used as
seeding.

3 Results

First, the employed oscillators are evaluated regarding
their emitted thrust. Before discussing the results of ac-
tive flow control, the presence of the base flaps without
actuation is examined in detail. The main part of the
results section addresses the effect of various parameters
(i.e., flap length, flap angle, actuation intensity, and
oscillator spacing) when active flow control with fluidic
oscillators is applied. Dominant trends are presented to
demonstrate the general feasibility of this flow control
approach and to provide the direction for a future op-
timization process. Finally, the net drag improvement
and the efficiency of the most promising configurations
are evaluated.

3.1 Characteristics of the Fluidic Oscillators

The oscillation frequency fosc depends on the geometry,
the size and the supplied mass flow rate of the oscillator.
Hotwire measurements were conducted on each nozzle
while keeping the total mass flow rate constant in order
to verify an even distribution around the base perimeter.
The measured deviation in frequency considering two
different supply rates is less than 11%. The oscillation
frequency as a function of the applied mass flow rate
is also considered. The general behavior corresponds
with the observations of Woszidlo et al. [2010] illus-
trating the stagnating process at higher supply rates.
Von Gosen et al. [2015] reported a linear dependence
between oscillation frequency and the Mach number.
The maximum frequency measured with the used oscilla-
tor is fosc = 2.5kHz which corresponds to a maximum
reduced frequency of F+ = fosc

√
A/U∞ = 20.4.

An essential approach to quantifying the aerodynamic
net drag improvement is the determination of the ex-
erted thrust. The thrust depends on the oscillator spac-
ing ∆s and the applied total mass flow rate ṁ. Woszidlo
et al. [2014] measured the thrust force generated by the
oscillator array of the GETS model for various config-
urations inside the wind tunnel without a freestream.
Several circumstances (e.g., additional hose forces, local
entrainment effects, and an evolving recirculation area
caused by continuity effects downstream of the base
plate) provoked a counter-acting force, which increases
with the mass flow rate. These effects reduced the mea-
sured thrust of the actuation system. Thus, the reliable
determination of the effective thrust by reducing these

influencing effects presented a general challenge. For
that purpose, a separate test rig was designed outside
of the wind tunnel. A decoupled deflection plate was
positioned downstream of the model as close as possible
to the base plate. This prevented the entrainment of
the jets and their recirculation zone to act on the base
plate. The air supply hoses were loosely positioned in a
direction perpendicular to the thrust.
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ṁ/n [kg/h]

F
m
e
a
s
/
F
c
a
lc

∆s/
√
A = 0.06

∆s/
√
A = 0.12

Fig. 3: Relation between calculated and measured thrust
Fcalc/Fmeas as a function of the mass flow rate per oscilla-
tor ṁ/n and the calculated jet velocity Ujet,calc

Figure 3 illustrates the ratio between the measured and
calculated thrust forces Fmeas/Fcalc as a function of the
mass flow rate per oscillator ṁ/n and the calculated
jet velocity Ujet,calc of a corresponding straight jet. The
calculation of the jet velocity is based on the assumption
of ambient conditions at the nozzle exit. The limitations
of this assumption are obvious and discussed shortly.
The maximum total supply rate into the system for
both oscillator spacings is ṁ = 100kg/h. Due to the
sweeping motion of the oscillating jet, the lateral force
components are not being measured. Therefore, the force
ratio is expected to reach at most 80% to 90%, which
was achieved with fluidic oscillators implemented in an
airfoil [Woszidlo et al., 2010]. The force measurements
exhibit obvious deviations between the two examined
actuator spacings, which are in general agreement with
the observations by Woszidlo et al. [2014]. The consis-
tent deviation between the oscillator spacings causes
these entrainment effects acting on the side faces of the
oscillator block and on the remaining base area between
adjacent oscillators, which are not covered by the de-
flection plate. Note that for the smaller spacing, twice
the number of oscillators is causing these entrainment
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effects, which leads to the consistently smaller force
ratios than for the larger spacing. The overall decline
of the ratio Fmeas/Fcalc with increasing mass flow rate
is attributed to compressibility effects. As suggested by
the calculated jet velocities in Figure 3, the jet is emit-
ted at sonic speeds for sufficiently high mass flow. Von
Gosen et al. [2015] observed shocks at the nozzle exit. It
remains to be determined what impact shocks have on
the effectiveness and efficiency of the actuation. Despite
compressibility effects, the force ratio decreases by less
than 6% within the subsonic regime, which supports the
general feasibility of the jet velocity calculation.
Although the results of Figure 3 are consistent and ex-
pected, it remains challenging to precisely quantify the
momentum input. The measurements are influenced
by local entrainment effects whereas the calculations
are limited due to compressibility effects. However, the
measurements and the overprediction of the jet velocity
confirm that the calculated momentum always exceeds
the measured momentum. In order to remain conserva-
tive, the theoretical momentum is used to correct the
measured drag. This correction is explicitly noted by
referring to CD +Cµ. If only CD is mentioned, the data
is not corrected for the momentum input.

3.2 Influence of the Flaps without Actuation

The following section addresses the aerodynamic proper-
ties of the baseline configuration (bl - without base flaps
and AFC) and the influence of the base flaps without
actuation. According to the results of Woszidlo et al.
[2014], the drag coefficient CD,bl becomes independent
of Reynolds number for Re ≥ 3.0 · 105 yielding a drag
coefficient of CD,bl = 0.31. A Reynolds number of
Re = 7.0 · 105 is maintained for the current study. The
corresponding drag coefficient agrees well with the re-
sults of Van Raemdonck and Van Tooren [2008]. Figure
4 illustrates the general effects of the base flaps on the
drag coefficient and the mean base pressure coefficient
Cp,base as a function of the flap angle δ. The results
for the three investigated flap lengths and the baseline
configuration (horizontal line) are shown. Both, the drag
and the base pressure, exhibit the same trend for dif-
ferent flap lengths. The overall impact of the flaps (i.e.,
positive effect at small flap angles and negative effect
at higher flap angles) becomes more pronounced with
increasing flap length lflap. At δ = 17.5◦ the drag is
almost equal to the baseline value for all flap lengths.
This value also marks the smallest deflection angle for
which the flow over the flap is fully separated. For higher
angles the presence of the flaps leads to an increased
drag compared to the baseline. In terms of the mean
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Fig. 4: Influence of the base flaps on the drag coefficient CD
( ) and the mean base pressure Cp,base ( ) without actu-
ation

base pressure, the presence of the flaps has a gener-
ally positive effect. With increasing flap angle, the base
pressure converges to its baseline value. The drag con-
sistently increases with the base pressure. However, the
drag eventually exceeds the baseline value despite the
improved base pressure. This observation is explained
by the low pressure over the base flaps caused by flow
separation. With increasing flap angle, the impact on
the streamwise force component (i.e., the drag) increases.
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Fig. 5: Flap surface pressure Cp,flap for various flap angles δ
and lengths lflap without actuation
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(from top to bottom). Visualization of the velocity magnitude U/U∞ including the isoline u/U∞ = 0 (black dashed line) within (a)
the cross-section x/

√
A = 0.82 and (b) the vertical streamwise mid section; and (c) normalized vorticity distribution ωy

√
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within the streamwise section

Figure 5 illustrates the surface pressure distribution for
various flap angles and lengths. Instead of using the
flap length to normalize the location of the taps,

√
A

is used as a fixed reference length to emphasize the
coinciding pressure distributions along x. The influence
of the flap length is illustrated for δ = 10◦. Figure 4
already indicated the limited effect of the shortest set
of base flap on the aerodynamic drag. The flaps are too
short to interact with the wake structures and to enable
an effective pressure recovery. The geometry induced
separation bubble caused by the step between the base
plate perimeter and the flaps extends over a large section
of the short flap as indicated by the pressure distribution.
The intensive wake structures are not shifted sufficiently
far downstream thereby maintaining a strong upstream
effect on the model. This observation is supported by
the overall shift in pressure between the short flap and
the two other flap lengths (Figure 5). Consequently, the
effect on the base pressure is considerably smaller for
the short flap (Figure 4). For the larger flap lengths
(i.e., lflap/

√
A ≥ 0.33), the attached flow improves the

pressure recovery along the flaps and increases the base
pressure. Additionally, the wake structures are shifted
farther downstream.

For δ ≥ 17.5◦, the flow over the longest flaps is fully sep-
arated and reverses the aforementioned positive effects
(Figure 5). In addition to the predominant influence of
the base pressure on the drag, the pressure distribution
over the flaps is partly responsible for the changes in
drag. With increasing angle, the flaps cover more of
the base and the wake structures impact the surface
of the flaps. The drag generated on the flaps increases
due to the growing streamwise component of the surface
pressure. The additional pressure drag on the flaps ex-
plains the drag coefficient exceeding the baseline value
at higher flap angles although the mean base pressure
converges to its baseline value (Figure 4). Another fac-
tor, which is not examined here, is the effect of the
recirculating flow patterns acting on the inner side of
the flaps.

Some exemplary flow field measurements of the wake
without actuation are visualized in Figure 6. Figure 6(a)
shows the velocity magnitude U/U∞ within the near
wake including the isoline of the streamwise velocity
component u/U∞ = 0, which is a good indicator for
the perimeter of the recirculation area. The vorticity
ωy
√
A/U∞ characterizes the shear layers evolving down-

stream of the base plate (Figure 6(b)). The baseline
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wake exhibits a slightly asymmetric behavior, which is
attributed to the mounting of the model. The wake of
the windshield underneath the model affects the flow
along that side plate and penetrates into the wake of
the model. For a flap angle of δ = 10◦, the flow remains
attached to the flaps and is deflected inwards. This cir-
cumferential effect generates a symmetrical recirculation
area which is significantly reduced in its lateral extent.
This reduction in wake size confirms the observed drag
reduction. At δ = 20◦ the flow separates again and the
flaps lose their positive effect on the outer flow which is
reflected by the increased drag.

3.3 Influence of the Actuation

The following sections summarize the influence of the
investigated parameters when applying active flow con-
trol with fluidic oscillators. Due to the multitude of
investigated parameters, the results are presented in
a sequential manner based on each individual parame-
ter. Eventually, the most promising configurations are
considered in terms of efficiency. A commonly used pa-
rameter to quantify the intensity of actuation is the
momentum coefficient Cµ. Equation 1 defines Cµ in-
cluding the assumption of ambient conditions at the
outlet. As discussed in Section 3.1, this assumption
overestimates the momentum input.

Cµ = 2 ṁUjet
Arefρ∞U2∞

= 2Anozzles
A

(
Ujet,calc
U∞

)2
(1)

The frontal area A of the model is specified as the refer-
ence area Aref which differs from typically used values
for airfoils and wings. Therefore, higher values of Cµ are
obtained than commonly seen for airfoil applications.

3.3.1 Flap Length lflap

The investigated flap lengths are the same as exam-
ined by Woszidlo et al. [2014]. The general observa-
tions regarding the flap length are confirmed. Figure
7 illustrates the drag coefficient CD as a function of
momentum coefficient Cµ for the three flap lengths at
δ = 20◦. In general, larger flaps achieve higher drag re-
ductions. Cooper [1985] also examined the effect of base
flaps on a similar model but without actuation. The
results indicated that the flap length has no significant
influence when exceeding a certain value. These obser-
vations agree with the results illustrated in Figure 7
when actuation is applied. As indicated by the flow field
data in Figure 9, the maximum inward deflection of the
outer flow is already accomplished with the shortest flap.
However, with increasing flap length the base pressure
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Fig. 7: Effect of flap length for δ = 20◦ and ∆s/
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A = 0.12

increases due to the continuing pressure recovery along
the flaps (Figure 8). The base pressure corresponds
well with the respective trailing edge pressure on the
flap. This observation implies that the pressure within
the cavity surrounded by the base flaps is controlled
by the trailing edge pressure of the flaps. Despite the
higher base pressure, the largest flap leads to a similar
drag as the medium flap. Simultaneously, the increased
flap surface adds to the streamwise force component
due to the low pressure over the flaps. The same ob-
servation was discussed in Section 3.2. Note that this
discussion is solely based on the pressure measurements
along the midsection of the flaps. In addition, strong
three-dimensional effects are expected at the corners
of the base perimeter (e.g., corner vortices) which are
likely to have a significant impact on the effect of the
flaps.
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In contrast to the configuration without actuation (Fig-
ure 5), the pressure distributions illustrated in Figure 8
coincide independent of the flap length. The separation
bubble downstream of the oscillators is suppressed by
the jets. This infers that the pressure recovery over the
flap continues to exhibit the same trend with increasing
flap length. Furthermore, this observation also implies
that the actuation maintains a prolonged downstream
effect despite the additional distance. Similar observa-
tions were made by Woszidlo and Wygnanski [2011] for
controlling separation over an airfoil with various flap
lengths.
The flow visualizations illustrated in Figure 9 exhibit an
inward deflection of the outer flow and a decrease in wake
size compared to the baseline flow field (Figure 6). With
increasing flap length, the lateral proliferation of the
recirculation area is reduced due to the decreasing cavity
opening. Simultaneously, the streamwise expansion and
the wake size remains approximately constant due to
the shear layer’s consistent deflection angle independent
of the flap length.
Based on the current observations regarding flap length,
the discussions in the following sections consider only
the medium flap length of x/

√
A = 0.33.

3.3.2 Flap Angle δ

The influence of the flap angle δ on the drag is illustrated
in Figure 10. Compared to the flap length, the flap

angle represents a more dominant parameter. Three
characteristic flap angle categories with different effects
appear: small angles (δ ≤ 15◦), medium angles (17.5◦ ≤
δ ≤ 22.5◦), and large angles (δ ≥ 25◦).
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Base flaps with a small deflection angle initially have
a positive effect on the drag coefficient. An additional
improvement is achieved with a small momentum coef-
ficient of Cµ = 1% suppressing the separation bubble
due to the step between base perimeter and flaps. With
increasing momentum input (Cµ > 1%), the positive
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effect of these flap angles disappears. Independent of
Cµ, the maximum deflection of the flow is achieved and
the geometry induced pressure recovery is limited by
the small angle of the flaps. The limited impact is also
evident by the almost constant size of the recirculation
zone and mean base pressure despite further increases
in Cµ (Figure 11). The size of the recirculation zone xR
is defined by the largest streamwise extent of the isoline
u/U∞ = 0. The trailing edge pressure on the flaps fur-
ther supports this observation (Figure 12). Especially
for small flap angles, the pressure data also indicate
an almost constant behavior without improved pressure
recovery at higher Cµ. These observations would suggest
that the drag also remains constant. However, the drag
increases again, which is due to the low pressure region
imposed by the high velocity jets. Furthermore, cavity
effects within the flap enclosure acting on the inner
surface may be an additional reason, however, could not
be examined in this study.
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Medium flap angles enable a higher inward deflection
of the outer flow. Similar to small flap angles, an imme-
diate and intensive response to the actuation is evident
(Figure 10). With a sufficient momentum input, the flow
state changes from the initial flow field dominated by
separation at the base edges to full attachment on the
flaps. However, due to the increased flap angles, a higher
momentum input is required to obtain comparable bene-
fits. Contrary to the small flap angles, the drag continues
to decrease when adding more momentum because of
the additional potential for pressure recovery. Further
details on the influence of the momentum coefficient are
discussed in the following section. The actuation yields

a completely attached flow over the flaps which results
in an increased pressure over the base plate (Figure 11)
and at the trailing edge of the flaps (Figure 12). The
pressure values converge to a nearly constant level which
may suggest a constant drag. However, the additional
thrust leads to a continued reduction in drag.
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The effectiveness of the actuation depends on the sensi-
tive relationship between momentum coefficient and flap
angle. The most promising configurations are obtained
within the small and medium flap angle category. The
drag coefficient achieved with large flap angles is nearly
unaffected by the momentum input. Despite a smaller
recirculation zone and a higher base pressure (Figure
11), the drag remains almost constant. Furthermore,
the trailing edge pressure eventually exceeds the values
for the other flap angles, but at a substantially higher
momentum requirement. Similar to the previous discus-
sions, the increased flap angle results in an increased
surface area in the streamwise direction. It is noteworthy
that within each flap angle category, the larger angle
leads to a higher drag. The visualizations of the flow
field illustrated in Figure 13 confirm the observations
of the force and pressure data. Due to the momentum
input, the flow remains fully attached over the flaps up
to an angle of δ = 22.5◦. An ongoing inward deflection of
the outer flow reduces the wake size with increasing flap
angle. Furthermore, a decreasing recirculation bubble
and a reduction of the reversed flow velocity magnitude
is observed up to δ = 25◦. The separated flow at the 25◦
configuration exhibits a significant increase in wake size.
The vorticity distributions illustrated in Figure 13(b)
show the associated deflection of the shear layer origi-
nating at the base edges and over the base flaps. With
increasing flap angle the streamwise expansion of the
shear layers decreases and is accompanied by an inward
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deflection. However, the decrease of the recirculation
area is limited. The influence of the pressure gradient
imposed by the opposite side inhibits a further inward
deflection.
At δ = 25◦ the separation shifts up to the base edge and
provokes a complete change within the vorticity distri-
bution. However, compared to the completely separated
free shear layer of the baseline configuration (Figure
6(b)), a slight inward bending is observed, which results
in the continuously increasing trailing edge pressure as
observed in Figure 12.
In summary, Figure 14 visualizes the flow field within the
cross section at x/

√
A = 0.82 downstream of the model.

The black dashed line represents the isoline for u/U∞ =
0. With the deflected base flaps and sufficient actuation,
the recirculation area is significantly reduced in overall
size. The recirculation area almost disappears for δ =
20◦ at this streamwise location (Figure 14(c)). Any
further increase in flap angle or momentum input does
not yield any significant improvements. This is consistent
with the previous arguments regarding the limitations
in flap angle and with the following discussion regarding

actuation intensity. The asymmetry noticeable in Figure
14(c) is due to the proximity of the PIV plane to the free
stagnation point. In this region the natural fluctuations
are highest and any slight asymmetries are accentuated.
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3.3.3 Actuation Intensity

Figure 15 illustrates the aerodynamic behavior of the
configuration with δ = 20◦ and lflap/

√
A = 0.33 as a

function of the applied momentum coefficient Cµ. The
uncorrected drag coefficient CD exhibits a nearly con-
stant drag reduction at higher momentum input, which
is attributed to the thrust exerted by the jets. It is
noted that the additional momentum (i.e., beyond the
point of reaching full flow attachment) is not completely
converted into thrust. As previously mentioned, the low
pressure region caused by the high velocity jets, their
lateral components, and changes in the wake dynamics
are likely reasons for this observation. The correction
based on the results of Section 3.1 exhibits a more real-
istic evaluation of the effectiveness which is attributed
to flow changes caused by the jets. A favorable net im-
provement is attained up to a momentum coefficient of
Cµ = 3%. A further momentum increase reduces the
effectiveness and renders the actuation inefficient.
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The corresponding mean base pressure and the flap
trailing edge pressure are illustrated in Figure 16. The
converging behavior up to an almost constant value is
also indicative for the limited impact of the actuation
at larger momentum coefficients. The optimal value of
Cµ may also be extracted from the pressure data. The
pressure information may be utilized to determine the
most effective range of actuation levels independent of
any drag correction method. The limited effectiveness
for higher actuation levels is also observed in the flow
field visualizations in Figure 17(a). The streamwise and
lateral extent of the recirculation zone decreases with
momentum input, which is accompanied by the decreas-
ing mean base pressure (Figure 16). Figure 17(a) visual-
izes the deflection of the outer flow which decreases the
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Fig. 16: Effect of Cµ on the pressure coefficient at the trailing
edge of the flap Cp,flap,TE and the mean base pressure Cp,base
for lflap/

√
A = 0.33, ∆s/

√
A = 0.12, and δ = 20◦

overall wake proliferation. The vorticity fields of Figure
17(b) illustrate the inward deflection of the shear layers.
Due to the high velocity jets, high levels of vorticity
concentrate over the flaps. Furthermore, the levels of
vorticity extend in a thin layer beyond the trailing edge
which is indicative for the high velocity jets penetrating
farther downstream. This downstream overshoot does
not offer any additional benefit to the flow over the flap
and is an inefficient use of the actuation. This observa-
tion extracted from the flow field data provides another
indicator to optimize the efficient use of the actuation.

3.3.4 Efficiency of the Actuation

The previous considerations of various parameters and
their associated influence on the aerodynamic drag pro-
vide an overview of the most dominant trends. In addi-
tion, the overall efficiency must be evaluated in detail to
judge the feasibility of drag reduction with base flaps and
fluidic oscillators. The required total energy introduced
by the oscillators depends on several quantities: the jet
velocity Ujet, the oscillator spacing ∆s, and the total
mass flow rate ṁ. These values are incorporated within
the momentum coefficient (Equation 1). As an initial
estimate, the efficiency is commonly evaluated by ob-
serving the net drag improvement of the most promising
configurations as illustrated in Figure 18. The momen-
tum coefficient is added to the drag coefficient because
it may be assumed that the inserted momentum is fully
recovered as thrust if it were added to the propulsion
system of the model. The corrected drag is related to
the drag of the baseline configuration CD,bl without
flaps and actuation. Substantial drag reduction is al-
ready observed at small flap angles without actuation.
An additional improvement is obtained at a momentum
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coefficient of Cµ = 1% reducing the drag by 20%. The
medium flap angles are not as efficient as the small
angles. The net drag is reduced by 12%, at an increased
momentum input of Cµ = 2− 3%. Despite the smaller
drag reduction, the medium flap angles yield an efficient
improvement over a wide range of Cµ whereas the small
flap angles already become inefficient for Cµ ≥ 4%.
In addition to the various flap angles, Figure 18 also
shows the relative drag changes of the medium flap an-
gle (δ = 20◦) for different oscillator spacings ∆s. The
spacing represents a crucial parameter to evaluate the
efficiency of the actuation. For twice the spacing, the
minimum in corrected drag shifts to a smaller momen-
tum coefficient by approximately a factor of two. This
observation suggests that the governing parameter for
changing ∆s is the velocity ratio Ujet,calc/U∞. Figure
19 illustrates the relative drag improvements as a func-
tion of velocity ratio for various Reynolds numbers
and oscillator spacings. The corrected drag is related to
the drag value of the corresponding flap configuration
without actuation CD,woAFC . This is done in order to
evaluate the sole effect of the actuation without incorpo-
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rating the baseline effect of the flaps. Figure 19 confirms
that the velocity ratio governs the actuation with flu-
idic oscillators when the spacing is changed. This result
also holds for different Reynolds numbers. The high-
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est drag reduction is observed for Ujet,calc/U∞ ≈ 4.5.
Seele et al. [2013] suggest a velocity ratio of three for
optimal flow control on a vertical tail. Woszidlo and
Wygnanski [2011] suggest that the oscillating jets are
as effective due to the formation of streamwise vortices.
Therefore, the governing effect of the velocity ratio im-
plies that the strength of these vortices is the crucial
parameter rather than their numbers as long as each
vortex provides sufficient lateral coverage.
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Despite the obvious importance of the velocity ratio as
a governing parameter, it is expected to be limited in
its applicability because of jet velocities approaching
sonic speed. Some evidence of potential compressibility
effects is observed in the deviations between different
Reynolds numbers for Ujet,calc/U∞ ≥ 6. Nonetheless,
the velocity ratio provides a potential scaling and opti-
mization parameter. If the velocity ratio is maintained,
the oscillator spacing should be increased as much as
possible while maintaining performance in order to re-
duce the required mass flow rate and momentum input
for the most efficient actuation.
Note that the optimal velocity ratio extracted from
Figure 19 is based on a fixed flap angle of δ = 20◦.
Therefore, the evaluation of maximum net drag reduc-
tion and accompanying velocity ratio is repeated for the
entire range of flap angles. Figure 20 reveals a linear
dependence between the optimal velocity ratio and the
flap angle, which is consistent with the previous discus-
sion of the actuation intensity and the flap angle. The
most efficient flow control is obtained if just enough ac-
tuation is applied to fully attach the flow over the flaps.
And the higher the flap deflection, the more actuation is
required to achieve the full flow attachment. Therefore,
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this result is consistent with previous arguments. Figure
20 also indicates that the drag reduction reaches an
optimum for medium flap angles. If the angle is too
small, the inward deflection of the outer flow does not
yield enough impact. If the angle is too large, the re-
quired actuation intensity is not feasible. Note that the
relative drag improvements are based on the respective
flap angle configuration without AFC (CD,woAFC) in
order to capture only the effect of the flow control.
The correction of the drag coefficient with the theo-
retical Cµ in Figure 18 represents a first attempt at
evaluating efficiency. Although the approximation of Cµ
is very conservative, it does not account for the required
power to generate the momentum. For example, if the
spacing ∆s is doubled and the momentum coefficient
is kept constant, the jet velocity increases by 41% (i.e.,√

2). This increase in velocity requires a higher energy
which is not reflected by the constant Cµ. Therefore, the
energy coefficient CE is introduced for a more realistic
evaluation of efficiency (Equation 2).

CE = Pjet
1
2Arefρ∞U

3∞
=

1
2ṁU

2
jet

1
2Aρ∞U

3∞
= Cµ

2
Ujet,calc
U∞

(2)

The expended power Pjet is based on the same con-
servative assumption made for Cµ to calculate the jet
velocity. The equation for the energy coefficient can
then be presented in terms of the velocity ratio and Cµ.
This form of the equation infers that for a fixed optimal
velocity ratio, which is related to a certain flap angle,
the momentum input has to be minimized. This, in turn,
is achieved when the oscillator spacing is as large as
possible.
The energy coefficient is also used to correct the drag
coefficient based on the argument that the energy ex-
pended by the actuation system is fully converted into
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thrust if it were used for the propulsion system instead.
This is also a conservative approach because the propul-
sion system never reaches 100% efficiency. Figure 21
illustrates the relative changes in drag when corrected
with CE . The baseline drag without flaps and actuation
is used as the reference value. Note that Cµ is maintained
as the abscissa in order to simplify the comparison to
Figure 18. For the large spacing the actuation has no
significant influence when applying base flaps with a
deflection angle of δ = 10◦, whereas δ = 15◦ offers an
obvious drag reduction of 15% at Cµ = 1% due to the
higher initial drag. Medium flap angles exhibit their min-
imum in drag at Cµ = 1% for ∆s/

√
A = 0.12, achieving

a net drag improvement of 7%. This improvement is
slightly reduced for the smaller spacing accompanied by
a shift in momentum coefficient to Cµ = 2%. Note, that
this shift in Cµ is again approximately a factor of two,
reaffirming the governance by the velocity ratio. Also,
if CE were to be used to determine the optimal veloc-
ity ratio similar to Figure 20 , the linear relationship
would be offset to smaller values because of the direct
dependence of CE on Ujet,calc/U∞.
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Although the efficient drag reduction with medium flap
angles is significantly lower than for smaller flap an-
gles, this conservative estimation reassures the overall
potential and feasibility of employing base flaps with
fluidic oscillators. Furthermore, it should be reiterated
that the system has not undergone any improvements or
optimization. For example, the step between the trail-
ing edge of the model and the flap may be reduced to
yield a more effective drag reduction. Also, the oscilla-
tor spacing, size, and design leave substantial room for
optimization. Additional assessments of efficiency may
include engine performance, pump efficiency, and sys-

tem integration and maintenance to be weighed against
potential fuel saving.

4 Conclusion

The current study investigates the feasibility of reduc-
ing the drag of a rectangular bluff body by adding
base flaps in combination with fluidic oscillators. The
model shape is based on a Generic European Transport
System without considering ground effects. Force and
pressure measurements are conducted in order to assess
the performance of the drag reduction approach. These
experiments are complemented by PIV measurements in
the near wake region. The effect of several parameters
such as flap length, flap angle, and actuation intensity
is examined followed by a conservative evaluation of
efficiency. The flaps require a minimum length to shift
the dominant wake structure sufficiently far downstream
for maximum benefit. Although the actuation yields a
prolonged downstream effect and continued pressure
recovery over the flaps, any additional increase in length
does not provide added improvements. Any added length
only increases the surface area for low pressure to act
on in the streamwise direction, which negates the ben-
efits of the actuation. For practical purposes, the flap
length ought to be chosen to be as long as necessary,
but as short as possible. On a bluff body such as a
truck, the shorter flap is crucial for simplicity of storage,
manufacturing and integration.
The flap angle also necessitates a balance between op-
posing effects. If the angle is too small, the potential
benefits are limited whereas a large flap angle requires
excessive levels of actuation. This is coupled to the ac-
tuation intensity which has to be sufficient to maintain
attached flow over the flaps. The correction of the drag
coefficient indicates an optimal range. However, in or-
der to be independent of any drag correction method,
other indicators may be used to determine an efficient
range. The flow field observations suggest no significant
changes beyond a certain actuation level which is evi-
dent by an overshoot of the jets beyond the trailing edge
of the flaps. The pressure at the trailing edge presents
another useful indicator which remains constant once
full flow attachment is achieved.
The overall system efficiency is evaluated based on cor-
recting the measured drag by the momentum input.
When compared to the baseline configuration without
flaps and flow control, the net drag is reduced by 20%
for δ = 10◦ because of the already positive impact of
the flap without actuation. For δ = 20◦, the net drag is
reduced by 12%. Despite the lower value, it is observed
that the flap at this angle increases the baseline drag
when no actuation is applied. Therefore, the largest
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impact achieved by employing fluidic oscillators is ob-
served at this flap angle. The detailed evaluation of
efficiency implies that the ratio between the jet velocity
and the freestream velocity governs the optimal actua-
tion intensity for different oscillator spacings. At δ = 20◦
the optimal velocity ratio is approximately 4.5. How-
ever, this value changes linearly with flap angle. The
optimal velocity ratio decreases for smaller flap angles
because the flow requires less actuation to be deflected
by the smaller angle. The governance of the velocity
ratio implies that the strength of each oscillating jet
and accompanying structures is the crucial parameter
and not the number of jets as long as each jet affects
a sufficiently large area. In addition to considering the
momentum input, the required energy is taken into
account for the drag correction. For δ = 20◦, the net
reduction is reduced to 7%. Since the energy coefficient
is directly dependent on the velocity ratio, the most
efficient performance is obtained at the larger oscillator
spacing. This result provides an approach for scaling
and optimization. Once an optimal velocity ratio is de-
termined for a targeted flap angle, the spacing ought to
be increased as far as possible to reduce the required
momentum input while maintaining performance.
Overall, this study demonstrates that the drag reduc-
tion of a bluff body by adding base flaps and employing
fluidic oscillators is feasible despite a conservative assess-
ment of efficiency. Future studies will examine geometric
improvements and an optimization of the flow control
method to further increase performance.
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Abstract The present study assesses the applicability
of fluidic oscillators for separation control in water. The
first part of this work evaluates the properties of the
fluidic oscillators including frequency, cavitation effects,
and exerted thrust. Derived from the governing internal
dynamics, the oscillation frequency is found to scale
directly with the jet’s exit velocity and the size of the
fluidic oscillator independent of the working fluid. Fre-
quency data from various experiments collapse onto a
single curve. The occurrence of cavitation is examined by
visual inspection and hydrophone measurements. The os-
cillation frequency is not affected by cavitation because
it does not occur inside the oscillators. The spectral
information obtained with the hydrophone provide a
reliable indicator for the onset of cavitation at the exit.
The performance of the fluidic oscillators for separation
control on a bluff body does not seem to be affected
by the presence of cavitation. The thrust exerted by an
array of fluidic oscillators with water as the working
fluid is measured to be even larger than theoretically
estimated values. The second part of the presented work
compares the performance of fluidic oscillators for sepa-
ration control in water with previous results in air. The
array of fluidic oscillators is installed into the rear end
of a bluff body model. The drag improvements based
on force balance measurements agree well with previous
wind tunnel experiments on the same model. The flow
field is examined by pressure measurements and with
particle image velocimetry. Similar performance and
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flow field characteristics are observed in both water and
air.

1 Introduction

Active flow control (AFC) presents a beneficial strategy
to manipulate flow fields to achieve desired flow condi-
tions. A wide spectrum of flow control applications with
various actuator concepts have been utilized in numer-
ous research fields. Gad-el Hak [1991], Cattafesta III and
Sheplak [2011], and Gregory and Tomac [2013] provide
comprehensive overviews on different actuation methods
and their typical applications.
In recent years, fluidic oscillators - also known as sweep-
ing jet actuators - have been demonstrated to be effective
devices for many flow control applications. The main
advantage of fluidic oscillators is the generation of a
self-sustained, high frequency oscillating jet at the out-
let without the use of any moving parts. Due to the
self-induced sweeping motion, the jet is able to affect a
large area. Figure 1 conceptually illustrates the internal
and external flow behavior of a typical oscillator. The
flow enters the mixing chamber in a bi-stable manner
and is deflected to either side by the Coanda effect.
Flow through the respective feedback channel causes
the main jet to switch over the opposite side where
the process is re-initiated. A detailed description of the
governing internal dynamics and a description of the
external flow field within a quiescent environment is
provided by Woszidlo et al. [2015]. This particular de-
sign was named the ‘angled’ oscillator by Ostermann
et al. [2015] who compared its properties to a ‘curved’
design with more rounded contours. The curved design
is based on the patent of Stouffer and Bower [1998].
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Both designs are evaluated in the current study when
investigating the frequency scaling of fluidic oscillators.
Similar oscillator designs have been frequently applied
in numerous studies. Apart from separation control top-
ics, these devices have also been employed for combus-
tion (Guyot et al. [2008]) and noise control (Raman and
Raghu [2004]). The potential of fluidic oscillators for sep-
aration control has most often been considered on airfoils
(e.g., Phillips et al. [2010] and Pack Melton and Koklu
[2016]) and wings (e.g., Tewes et al. [2010] and Seele et al.
[2013]). Woszidlo and Wygnanski [2011] performed a pa-
rameter study with a generic, multi-segmented 2D-airfoil
equipped with several rows of curved fluidic oscillators to
determine governing actuation parameters. Surface flow
visualizations show the development of pairs of stream-
wise vortices emerging downstream of the oscillators.
These structures were also observed by Woszidlo et al.
[2014] at the rear end of a bluff body. It was argued that
the beneficial effect of these structures is the injection
of higher momentum from the outer flow region toward
the surface. The dominant pair of streamwise vortices
formed by an oscillating jet emitted into a crossflow
was first confirmed with off-surface measurements by
Ostermann et al. [2016].
Separation control on bluff bodies has gained increas-
ing importance in the last decade. Many studies have
focused on the reduction of the pressure drag resulting
from geometry-induced flow separation. This drag com-
ponent constitutes the main portion of the total drag
and is a consequence of the pressure difference between
the body’s front and rear. A common solution to reduce
the pressure drag is the application of passive base flaps
(e.g., Cooper [1985]; Browand et al. [2005]).
Numerous studies have been conducted which introduce
active flow control as an additional means to improve
the performance of passive devices (e.g., Chaligné et al.
[2013]; Choi et al. [2014]; Barros et al. [2016]). In partic-
ular, fluidic oscillators have been introduced in recent
years as active flow control devices for bluff body drag
reduction (e.g., Seifert et al. [2015]; Metka et al. [2015]).
As the precursor to the current study, Schmidt et al.
[2015] employed fluidic oscillators to prevent flow sepa-
ration over base flaps when they are deflected to higher
angles. This setup is utilized for the experiments in
water.
The aerodynamic investigation of bluff bodies in wind
tunnels is commonly accompanied by some limitations.
Although most applications require high Reynolds
numbers, the displacement of the flow within the test
section of a wind tunnel commonly results in a small
model size. Consequently, the Reynolds numbers are
limited. In order to balance the model size a much
higher freestream velocity is desired which may not be

achievable in research wind tunnels or may introduce
compressibility effects. A possible solution to increase
the Reynolds number is offered by conducting exper-
iments in water. The kinematic viscosity of water is
much lower than air which allows smaller model veloci-
ties while obtaining more realistic Reynolds numbers.
Furthermore, the operating time response of the flow
structures is slowed down, which means that the life
time of coherent structures is increased.
A first overview on the advantages and disadvantages
of towing tank experiments is provided by Gad-el Hak
[1987]. Larsson et al. [1989] examined the aerodynamic
properties of a full-scale passenger car in a towing tank
and a wind tunnel to prove the feasibility of experiments
in water. Jönsson et al. [2014] examined the underfloor
flow field of a high-speed train model in a water towing
tank using particle image velocimetry (PIV) to gener-
ate more realistic boundary conditions underneath the
train model. Nayeri et al. [2016] compared wind tun-
nel and towing tank experiments with a box-shaped
model in combination with passive flow control via base
flaps. Their measured baseline values deviate by 2.5%
at a Reynolds number of Re = 1.0 · 106. The drag
improvements of various flap angle configurations reveal
similar trends. The influence of the free surface (i.e.,
the two phase transition) is an important aspect, which
has been examined in several studies. Aoki et al. [1992]
evaluated the hydrodynamic forces and the surface pres-
sure on a rectangular bluff body in a towing tank. They
suggested that the submergence depth s has to be at
least twice the height of the model H and the Froude
number has to be smaller than Frs = U∞/

√
gs = 0.37.

A detailed analysis of the influence of the free surface
and the ground on a rectangular bluff body was con-
ducted by Malavasi and Blois [2007], and Malavasi and
Guadagnini [2007]. They observed that the influence of
the free surface on the hydrodynamic forces vanishes at
a submergence depth of s/H ≥ 3. Mansoorzadeh and
Javanmard [2014] considered the influence of the wave
making resistance of an autonomous underwater vehicle
(AUV). A Froude number of less than Frs ≈ 0.8 re-
veals no significant change in drag. In the current study,
the minimum submergence depth was determined for
the particular facility and model. Schmidt et al. [2016]
observed no significant influence of the free surface on
the pressure and drag force values of a rectangular bluff
body for 2.3 ≤ s/

√
A ≤ 6.9 and U∞ ≤ 6 m/s, where A

represents the frontal area of the model.
Although active flow control with fluidic oscillators in
water may be a promising alternative to achieve large
Reynolds numbers, it has not seen the same attention
as in air because of additional challenges. The oscillator
properties deviate when water is used as a working fluid.
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Fig. 1: (a) Schematic illustration of the geometry of the used fluidic oscillator and the internal flow pattern, and (b) its sweeping
pattern visualized with water

The influence of the oscillator size and the viscosity
of the working fluid have to be determined to define
scaling parameters. Also, the occurrence of cavitation
may limit the effectiveness of the fluidic oscillators. One
advantage of using water is the simplified measurement
of the effective jet thrust due to the absence of com-
pressibility effects. In general, the transferability of the
results obtained with fluidic oscillators in air versus
water has to be assessed. Therefore, a large towing tank
facility at the Technische Universität (TU) Berlin is used
to examine the feasibility of applying active flow con-
trol with fluidic oscillators on a rectangular bluff body
model. Force, pressure, and velocity field measurements
are compared to previous wind tunnel experiments per-
formed by Schmidt et al. [2015].

2 Setup and Instrumentation

The current study presents results from two separate
experimental setups. First, bench tests are performed
to examine the properties and possible restrictions of
fluidic oscillators with water as working fluid. Their
effectiveness for flow control in water is assessed in
the second part of this study by means of towing tank
experiments with a bluff body model. These results
are compared with previously obtained results in air
(Schmidt et al. [2015]).

2.1 Characterization of the Fluidic Oscillators

A small test-rig is utilized to perform bench tests for
different oscillator designs and sizes regarding their os-
cillation frequencies and the occurrence of cavitation.
The oscillators and a water tank used for these tests
are made from acrylic glass. The tank is 300 mm long,

220 mm wide, and 100 mm deep. Interchangeable oscil-
lators are attached to one end of the tank. A vertical
tube is connected to the other end. The column head
within this tube is used to vary the hydrostatic refer-
ence pressure which simulates the effect of submergence
within the towing tank. A calibrated rotameter with a
maximum volume throughput of 2.5 m3/h and an accu-
racy of 0.625% full scale is used to adjust the volume
flow rate through the oscillators.
A Brüel & Kjaer miniature Type 8103 hydrophone with
a voltage sensitivity of −211 dB re 1 V/µPa over a
frequency band of 0.1 Hz to 180 kHz and a frequency
response of ±1 dB at 4 kHz to 200 kHz is used to deter-
mine the oscillation frequency as a function of mass flow
rate at a sampling rate of 65 kHz. The hydrophone is
positioned three nozzle diameters d downstream of the
oscillator outlet along the centerline. Due to the position
of the sensor head in front of the outlet, the extracted
spectra exhibit a dominant peak at twice the oscillation
frequency. The first sub-harmonic is determined as the
oscillation frequency. Other frequency measurements in
air from similar devices are extracted from the literature.
The presence of cavitation is studied by visual inspec-
tion of the internal and external flow field with a high
speed Photron Fastcam SA1.1 camera equipped with a
Sigma EX 28mm F1.8 macro objective. The flow field
is recorded with a frame rate of 15 kHz and a resolution
of 768 × 512 pixels to detect potential cavitation as
a function of supply rate with a spatial resolution of
46 px/mm.

2.2 Towing Tank Setup

The separation control experiments are conducted with
a 10% scale rectangular bluff body model which was
introduced by Van Raemdonck and Van Tooren [2008].
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The so-called GETS model (General European Trans-
port System) represents a standard European long-haul
truck-trailer combination without any geometrical de-
tails such as wheels, side mirrors, gap between truck and
trailer, etc. The outer dimensions of the towing tank
model, the design of the supply system for the flow con-
trol, and the internal retaining structure of the model are
visualized in Fig. 2 (bottom). The model’s dimensions
are (Lmodel×W ×H) = (1650mm× 260mm× 350mm).
The model is equipped with base flaps attached to its
rear face. The oscillators are integrated around the base
perimeter to emit jets parallel to the side faces of the
model. Due to manufacturing requirements, the oscilla-
tors have an inward offset of 4.6 mm (i.e., 1.3% model
height) away from the outer edges. The effect of fluidic
oscillators in combination with base flaps on bluff bodies
was comprehensively investigated in the wind tunnel
by Schmidt et al. [2015]. Based on these results, the
current study focuses on a reduced number of param-
eters. The base flap length is set to lflap/

√
A = 0.33

at various deflection angles (δ = 10◦, 15◦, and 20◦) due
to promising results at these settings (Schmidt et al.
[2015]). The oscillator spacing is set to 36 mm because
it was determined by Schmidt et al. [2015] to be more
efficient than 18 mm.

The experiments with the GETS model are conducted
in the deep water towing tank at the Technische Univer-
sität Berlin. The dimensions of the water channel are
233.6 m in length, 8.1 m in width, and on average 4.8 m
in depth. The resulting blockage by the GETS model is
less than 1% and therefore negligible. A carriage moves
on two rails which are leveled with the curvature of
the earth. The towing carriage is driven by eight mo-
tors which are able to accelerate the system with up
to 1 m/s2 achieving a maximum velocity of 12.5 m/s.
At maximum velocity, a Reynolds number of 12 · 106

per meter is achievable in the towing tank, which is
three times larger than in previous wind tunnel stud-
ies (Schmidt et al. [2015]). In order to achieve desired
values for the momentum coefficient with the available
supply pump, the maximum velocity in this study is
limited to Umodel = 5 m/s. This speed corresponds to a
Reynolds number of Re = U∞L/ν ≈ 1.1 · 106 based
on the square root of the model’s frontal area L =

√
A.

The relative velocity between model and quiescent en-
vironment corresponds to the carriage velocity Umodel
and is subsequently specified as the freestream velocity
U∞. The velocity of the carriage is monitored by a cy-
clometer H31 generating a TTL-signal with a resolution
of 10,000 ticks per meter. The TTL-signal is converted
to an analog signal by a WAS4 pro Freq frequency to
voltage converter from Weidmüller.

The duration of the test runs is determined by the length
of the towing tank and the desired freestream velocity.
For a freestream velocity of U∞ = 5 m/s, the time at
constant speed is 25 seconds due to carriage acceleration
and deceleration. The effective measurement time is set
to 10 seconds to ensure a constant velocity. After 15
minutes settling time in between the test no movement
was visible on the water surface. However, a settling time
of 30 minutes was applied to ensure quiescent conditions
in the water tank.
The GETS model is mounted to a measurement platform
which is traversable in lateral and vertical direction.
This mechanism enables a continuous adjustment of the
model’s submergence depth s. The model is connected to
the platform through a framework of welded steel plates
with minimal thickness to length ratio in order to keep
the hydrodynamic forces and disturbance of the water
to a minimum (Fig. 2). The hydrodynamic forces on the
model are measured with four one-component sensors
KD140 in combination with an GSV-1A8USB amplifier
by ME-Messsysteme. Each sensor has a measurement
accuracy of ±0.1% full scale and an applicable range
of Fx = 0.5 kN. The sensors are positioned within the
model and aligned to measure only the streamwise force
component (Fig. 2, bottom). The frame is connected
to the model via these four sensors. The balances and
the internal construction ensure a rigid attachment to
inhibit flow induced model oscillations. An additional
pressure chamber is mounted at the bottom of the model
to minimize any hose forces from the AFC water supply
in streamwise direction.
The pressurized water is supplied by a Lowara 3HM06P
centrifugal pump with a maximum volume flow rate
of 2.6 m3/h at an upstream pressure of 460 kPa. A
rotameter with a maximum volume flow rate of 2.5 m3/h
and an accuracy of 0.625% full scale is used to monitor
the water supply. Due to a constant pump output, the
volume flow through the AFC system is regulated by a
bypass tube system. The water is supplied into a main
tank located underneath the sword which branches into
four smaller troughs located behind the base (i.e., one for
each actuator strip). A quadratic regression calculated
from the adjusted volume flow rates and the pressure
recorded in the main tank is used to set the volume
flow rates during the experiments. In order to prevent
an uneven distribution of mass flow along the actuator
strips, a coarse screen is positioned within the pressure
troughs. The homogeneous distribution of the supply
rate is confirmed by analyzing the oscillation frequency
of each oscillator achieving a relative standard deviation
of 3.2%.
Any interferences due to external hose forces are cor-
rected with a calibration matrix. The voltage UD of the
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Fig. 2: Illustration of the experimental setup within the towing tank including the underwater PIV system and the GETS model
with its internal structure

balances is recorded as a function of predefined stream-
wise forces acting on the model and pressure values of
the AFC system without outflow (Eq. 1).

UD = f(Fg, pAFC) with Fg = m · g (1)

The streamwise forces are applied with a pulley system
at values expected from the hydrodynamic drag during
the actual experiments in the towing tank (Fig. 3(b)).
Valves just upstream of each supply trough are closed
to pressurize the AFC system without outflow. The
resulting two-dimensional calibration matrix is applied
to the experimental data to correct for the hose forces.

The static pressure distribution over the flaps and rear
face of the model is measured with small capacitive
differential pressure sensors (HMU Series by FirstSensor
AG) with a range of 1 bar and a measurement accuracy
of ±0.1% full scale. The sensors are coated with epoxy
casting resin to make them water-proof. Each pressure
sensor is calibrated with the coating. An additional
10 bar sensor is attached to the main pressure chamber.
The sensors are connected to the taps with small plastic
tubes with an inner diameter of 1 mm. The reference
pressure is captured outside the tank to reduce dynamic
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Fig. 3: Schematic illustration of: (a) the calibration of thrust,
and (b) the calibration for the drag force measurements

effects. It is ensured that no bubbles remain in the
plastic tubes and pressure taps.
The velocity field of several crosswise planes downstream
of the model’s base is captured with an underwater PIV
system which was manufactured by ILA GmbH. Figure
2 (top) illustrates the design and position of the under-
water PIV system and the illuminated crosssection. The
distance between the model and the light sheet can be
continuously adjusted by shifting the model alongside
two rails on the measurement traverse. The PIV sys-
tem is mounted via two vertical aluminum profiles on
the measurement platform. The system is positioned
1.42 m next to the side of the vertical mid span of the
GETS model. Pressure and force measurements with
and without the presence of the underwater PIV system
confirmed that it has no impact on the flow field. The
PIV system contains an EverGreen high energy laser
by Quantel laser with a wavelength of 532 nm and an
output energy of 200 mJ per pulse, an ILA synchronizer
connected to the measurement computer, and a mir-
ror arm to guide the laser beam into the underwater
PIV housing. The light sheet optic and two 14bit PCO
pixelfly USB cameras with a CCD-Chip resolution of
1392× 1040 pixel in combination with Canon EF 35mm
f/2.0 objectives are positioned in streamwise direction
inside the underwater housing. The objectives are nor-
mally aligned to the angled camera portholes to keep
the influence of refraction as small as possible, whereas
the tilt angle is individually adjustable by traversing the
cameras with small stepper motors with an incremental
encoder by Maxon. The porthole angles are 62◦ for the
upstream and 50◦ for the downstream camera relative
to the light sheet plane. The light arm and the cables
are guided by two vertical tubes to the measurement
system. A maximum submergence of 2 m is permissible
with this system. In this study, the underwater PIV is
positioned to measure the bottom half of the flow field

downstream of the model (dz = -100mm). Downstream
of the rear plate, at least seven equidistant crosssec-
tions are recorded in the range of 0.17 ≤ x/L ≤ 1.49.
Silver-polyamid powder (Vestosint PA 12-powder) with
an average particle size of 90µ m is used as tracing
material, which is almost neutrally-buoyant. A total
of 600 double pictures are recorded with each camera
at a frame rate of 6 Hz for each crosssection to yield
the average flow field. The post-processing of the PIV
data is performed by using the commercial software
PIVview3C 3.6. The interrogation window size is set
to 16× 16 pixels with an overlap of 50%. This yields a
spatial resolution of approximately 4.5 mm (1.5%L).

2.3 Determination of Thrust

The non-linear influence of the supply hose on the force
measurements requires another calibration matrix for
the determination of thrust Uthrust. A spring is attached
to the front of the model to apply pre-defined forces to
the model while changing the pressure within the AFC
system (Fig. 3(a)).

ṁ

ṁ · ujet
= Fthrust

actuator block

balance

tube

pivoted strut

beam

Fig. 4: Illustration of the test-rig for the determination of the
thrust of the fluidic oscillators

The calibration matrix (Eq. 2) is applied to the thrust
measurements.

Uthrust = f(Fk, pAFC) with Fk = k ·∆x (2)

Because the exerted thrust by the oscillators Fthrust is
only 0.55% of the balances full scale, a second test rig is
developed to measure the momentum of the AFC system
(Fig. 4) with a separate load cell. The actuator block
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is attached to a vertical strut which is suspended from
a pivot point at the measurement platform. The main
supply hose is firmly connected to the strut below the
bearing vertically aligned above the bearing to prevent
any hose forces. A single one-component sensor is used
to determine the horizontal force component.

3 Results

The following sections present the results for the appli-
cation of fluidic oscillators in water. First, the properties
of the fluidic oscillators with water as the working fluid
are characterized, which includes: scaling approaches for
the oscillation frequency, the investigation of cavitation
effects, and the measurement of the exerted momentum.
This section is followed by the results of the towing
tank experiments. Last, the results of AFC in water are
compared to previous wind tunnel data on the same
model.

3.1 Characteristics of Fluidic Oscillators in Water

Guyot et al. [2008] examined the properties of fluidic
oscillators when applying different gases. They observed
that the oscillation frequency generally scales with vol-
ume flow rate rather than with mass flow rate. Water
is used as the working fluid in the current study, which
raises the question of how the properties of the fluidic
oscillator change. Therefore, a detailed study of the os-
cillator properties is conducted. Ostermann et al. [2015]
compared the flow dynamics of two oscillator geometries
in air: the ‘angled’ and the ‘curved’ oscillator design.
These specific designs are considered with water as the
working fluid. The dimensions correspond to the oscilla-
tors incorporated in the wind tunnel model of Schmidt
et al. [2015]. Scaling effects are addressed by examining
the frequency of additional oscillator sizes in water and
air in section 3.1.1. Furthermore, the occurrence of cavi-
tation is expected when operating fluidic oscillators in
water, which is assessed in the subsequent section 3.1.2.
The last section 3.1.3 reports the measurement of the
momentum exerted by the oscillator array.

3.1.1 Scaling of Oscillation Frequency

Figure 5(a) illustrates the oscillation frequency fosc as
a function of mass flow rate ṁ as it is often shown in
literature. Various sizes combined with air and water as
the working fluid are reported. The data sets are either
obtained from hydrophone measurements in the current
study or extracted from the literature. A characteristic
length scale describing the size of each oscillator (Losc)

is defined as the distance between the inlet throat and
outlet throat of the oscillator (Figure 5). As expected,
all the data sets show a linear dependence of oscilla-
tion frequency on mass flow rate. The curves for both
oscillator designs coincide at identical length scale and
supply fluid. Otherwise, the curves are substantially
offset from one another. These differences are attributed
to the different internal flow velocities.

Woszidlo et al. [2015] argued that the oscillation fre-
quency depends on the internal flow velocities and the
internal distances (i.e., the size of the oscillator). More
specifically, the internal oscillation is governed by the
time it takes to transport a required amount of fluid
through the feedback channels. This volume of fluid
feeds into a separation bubble in the mixing chamber
which pushes the jet over to the other side. This process
depends on the internal velocity and the transportation
length. Therefore, the theoretical jet velocity Ujet at
the exit is used as a metric for the internal flow veloc-
ities instead of the mass flow rate ṁ. The jet velocity
is calculated based on the throat area at the exit and
on the assumption of the jet having ambient conditions
at the exit (i.e., ambient density). This assumption is
certainly limited to the subsonic regime. However, the
linearity in the data up to Ujet = 200 m/s justifies this
assumption well into the compressible regime. Previous
comparisons between measured and calculated momen-
tum (Woszidlo and Wygnanski [2011]; Schmidt et al.
[2015]) also support this assumption. By considering the
jet velocity instead of the mass flow rate, the difference
between the working fluids is accounted for. However, it
does not fully account for the difference in oscillator size.
Therefore, the oscillation frequency is multiplied by the
characteristic length scale Losc. Even though this length
scale is a representative metric for the size of these spe-
cific oscillators, it will likely depend on the particular
design as well. The total length of the feedback channels
may be a more appropriate length scale for other de-
signs of the same type of fluidic oscillator. Note that the
data sets presented here are all based on the same two
designs which are scaled uniformly in all directions. Fur-
thermore, the frequency is multiplied by a factor of two
in order to obtain a representative average value for the
convective velocity Uconv inside the feedback channels.
The exact value is a function of oscillation phase angle,
and of total length and shape of the feedback channel
(Ostermann et al. [2015]; Woszidlo et al. [2015]). Figure
5(b) reveals that these scaling approaches collapse all
the data onto a single curve independent of the oscillator
scale or working fluid. This result validates the physical
description of the internal dynamics by Woszidlo et al.
[2015].
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Fig. 5: Oscillation frequency measured for air and water: (a) as a function of mass flow rate, and (b) multiplied by the oscillators’
size as a function of theoretical jet velocity

Despite the overall collapse of the data, some devia-
tions are noticeable. For small jet velocities, Reynolds
number effects are likely to influence the internal dynam-
ics and therefore the oscillation frequency. In addition,
the data for the smallest oscillator supplied with air
Schmidt et al. [2015] deviate substantially from the
trendline in some areas. This deviation is not fully un-
derstood yet. Due to the small size of the device, the
relative impact of internal viscous effects and high jet
velocities may be higher than for the larger oscillators.
The oscillation frequency stagnates for high jet veloci-
ties, which is attributed to compressibility effects and
an inaccurate determination of jet velocity. Von Gosen
et al. [2015] examined the frequency behavior well into
the compressible regime. They determined that the
throat Mach number is limited to one beyond which
the internal velocities and therefore the oscillation fre-
quency do not increase any further. Von Gosen et al.
[2015] showed that the linear dependence remains valid
when plotted as a function of the throat Mach number.
Therefore, the Mach number should generally be used
instead of the jet velocity. Unfortunately, this cannot
be confirmed here because the necessary pressure data
was not available for all the test articles. However, the
scaling approach based on the theoretical jet velocity is
sufficient within the subsonic regime. With these results,
the frequency can be estimated based on the desired

size and supply rate of a particular oscillator that is
similar in design.

3.1.2 Cavitation Effects

The application of fluidic oscillators raises the questions
of whether cavitation occurs and what influence cavi-
tation has on their performance for separation control.
Local pressure drops initially induce the expansion of
cavitation nuclei if the vapor pressure of the consid-
ered liquid is reached. Depending on the flow structures
and the geometry, these micro bubbles develop into a
transient cloud of isolated bubbles, sheet cavities, or cav-
itating vortices (Franc and Michel [2006]). Apart from
potential mechanical damage of the oscillators, cavita-
tion may also reduce their effectiveness for separation
control.
For a water temperature of 289 K and a submergence of
s = 2.0 m, the vapor pressure of 1, 818 Pa is extracted
from the water phase diagram. The theoretical jet ve-
locity at which cavitation occurs is estimated by the
Bernoulli equation to be Ujet = 15.5 m/s. Three flu-
idic oscillators are visually examined with a high-speed
camera to determine the supply rate at which cavitation
starts to be evident. For the curved oscillator design,
sizes of Losc = 8.9 mm and Losc = 13.4 mm are tested.
For the angled design, a size of Losc = 8.9 mm is studied,
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Fig. 6: Cavitation within the angled fluidic oscillator L = 8.9 mm at Ujet = 15 m/s (top) with a more detailed illustration of the
external nozzle (bottom): (a) - (d) for various phase angles, and (e) averaged for all recorded images including the frequency of
occurrence γ

which is the same size used for the separation control
experiments on the GETS model. The visual inspection
found that the onset of cavitation occurs at theoret-
ical jet velocities of Ujet = 14.0 m/s, 12.8 m/s, and
13.2 m/s, respectively. As inferred by Ostermann et al.
[2015], the difference between the angled and curved de-
sign at the same size are likely due to different pressure
drops within the device. The lower jet velocity for the
larger oscillator cannot be fully explained yet.

Figure 6 illustrates time-resolved and time-averaged
pictures of the angled oscillator. Cavitation is clearly
evident in the external flow field which marks the instan-
taneous shear layers of the moving jet. The frequency
of occurrence γ in the averaged picture indicates that
cavitation occurs mostly at the outer boundaries of the
jet’s sweeping range. Most notable is the absence of
cavitation within the fluidic oscillator at the examined
volume flow rates. Von Gosen et al. [2015] determined
that the pressure drop within the oscillator is too small
to allow internal supersonic flow at any supply rate. This
observation may also be an indicator that the internal
pressure drop is generally too small to allow cavitation
to appear. Consequently, the oscillation frequency is not

affected by cavitation (Fig. 5) because the frequency is
governed solely by the internal flow dynamics.
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Fig. 7: Frequency spectra of hydrophone measurements at the
external nozzle of the angled oscillator

Instead of estimating the onset of cavitation from the
theoretical jet velocity or by visual inspection, hydrophone
signals provide a sensitive means to detect the presence
of cavitation. The dominant oscillation frequencies and
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their higher harmonics are evident when reviewing the
frequency spectra of the hydrophone measurements (Fig.
7). A principle change in the high-frequency band is
detected when exceeding the critical supply rate for cav-
itation. The spectrum exhibits a wide frequency band
dominated by noise at f ≥ 3.0 kHz. This behavior was
identified as a typical indicator for the presence of cavi-
tation by Zhang et al. [2002]. However, this frequency
band is an order of magnitude higher than the natural os-
cillation frequency and does not affect the amplitude of
the oscillation frequency. This indicates that the internal
dynamics of these devices are not altered even if cavita-
tion occurs. In order to quantify the difference in these
spectra, an integral value may be considered. Figure 8
illustrates the integral of the power spectral density over
the entire frequency band as a function of the theoreti-
cal jet velocity. The curved and angled oscillator with
Losc = 8.9 mm exhibit a discontinuity at Ujet = 14 m/s
and the larger oscillator at Ujet = 12.9 m/s. These val-
ues agree well with the critical velocities extracted from
optical detection. The question remains how the pres-
ence of cavitation will affect the performance of fluidic
oscillators for flow control purposes, and is addressed in
Section 3.2.2.

3.1.3 Momentum of the Fluidic Oscillators

The theoretical momentum is frequently used to correct
experimental data when active flow control with fluidic
oscillators is applied (e.g., Woszidlo and Wygnanski
[2011] and Schmidt et al. [2015]). Hereby, the exerted
thrust is calculated with the theoretical velocity of a
comparable steady jet assuming ambient conditions and
a top-hat velocity profile at the jet outlet. The lateral
component of the sweeping motion is neglected (Eq. 3).

Fcalc = ρ ·Anozzles · U2
jet = ρ/Anozzles · V̇ 2 (3)

Woszidlo et al. [2010] assessed that the effective momen-
tum generated by fluidic oscillators in axial direction
averages between 80% and 90% depending on the sweep-
ing angle and the supply rate. This approach represents
a conservative estimation. When using air as the work-
ing fluid, the effective momentum can decrease due to
compressibility effects (Schmidt et al. [2015]; Von Gosen
et al. [2015]). When measuring the thrust at the GETS
model, regions of low pressure due to the jets’ entrain-
ment at the base plate generate additional force opposite
to the measured thrust, which significantly reduces its
accuracy (Fig. 9). Schmidt et al. [2015] alleviated some
of these effects in a separate test rig via a decoupled
deflection plate positioned downstream of the model
and loosely positioned supply hoses. The determination
of the exerted thrust with air remains an experimental
challenge which has not been accurately addressed yet
(Schmidt et al. [2015]).
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Fig. 9: Ratio between the measured and the calculated mo-
mentum of the GETS model as a function of the theoretical jet
velocity

Despite the absence of compressibility effects, the same
entrainment effects occur when using water as the work-
ing fluid for the actuation on a submerged model which
significantly lowers the measured thrust (Fig. 9). How-
ever, these influences decrease when applying the actua-
tion with water on a model surrounded by air. Due to
the large deviations in density and therefore the minor
impact of the entrainment compared to the increased
thrust, the momentum can be determined more accu-
rately. The results obtained with water jets emitted into
air which show larger values than the theoretical jet
momentum are also illustrated in Fig. 9. These larger
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values may be attributed to a variety of effects. When as-
suming that the effective outlet area decreases with the
jet deflection angle θ to A(θ) = Anozzle · cos θ, the jet’s
velocity magnitude increases with increasing deflection
angle θ as observed by Woszidlo et al. [2015]. Further-
more, the lateral force component of the deflected jet is
not being recorded by the measurement equipment due
to the high frequency and arbitrary phase relationship
within the array of fluidic oscillators. Independent of
deflection angle and sweeping pattern, these two effects
cancel each other out as shown in Eq. 4. Consequently,
the measured thrust should be close to the theoretical
thrust. However, the thrust calculation assumes an ideal-
ized top-hat velocity profile of the emitted jet. Woszidlo
et al. [2015] demonstrated that the jet accelerates around
the corners of the throat during the sweeping motion.
Furthermore, the boundary layer along the floor and
ceiling of the oscillator cause an additional restriction
of the effective exit area. For example, the momentum
of a fully developed Poiseuille flow between two flat
plates is 1.2 times larger than a corresponding top-hat
profile at the same mass flow. These arguments provide
some explanation for the larger measured momentum
compared to the calculated momentum.

Fcalc(θ) =ρA(θ)u(θ)2 · cos θ

=
[
ρAnozzles cos θ

(
Ujet
cos θ

)2
]
· cos θ (4)

=Fcalc

In reality, the effective momentum may be even larger
because the lateral component of the jet thrust is still
being injected into the flow and not actually lost. There-
fore, fluidic oscillators may generate a larger momentum
than estimated in the literature especially in the absence
of compressibility effects. Here, numerical simulations
could provide additional insight. For the purpose of
consistency with experiments in air, the calculated mo-
mentum is used to correct the drag measurements in
section 3.2.2 and 3.3.

3.2 Experiments on the GETS Model in the Towing
Tank

The following sections describe the results of the experi-
ments in the towing tank using the GETS model. The
influence of the experimental conditions is briefly dis-
cussed before assessing the effect of separation control
with fluidic oscillators in water.

3.2.1 Baseline Measurements

The presence of the free surface and surrounding walls
may influence the hydrodynamic properties of immersed
bluff bodies. Two parameters which need to be consid-
ered are the submergence depth s and the velocity of
the model U∞. The literature provides inconsistent re-
sults which may be attributed to different model shapes.
For the GETS model, Schmidt et al. [2016] examined
the influence of these parameters in terms of Froude
number and Reynolds number on the model’s drag
and base pressure. The submergence depth was varied
within a range of 2.3 ≤ s/

√
A ≤ 6.9 for velocities up

to U∞ = 6 m/s. It was found that the model’s base-
line characteristics are not affected by the free surface.
Within the range of submergence depths and indepen-
dent of model velocity, no significant influence on the
drag and base pressure values was detected. Therefore,
the towing tank experiments in this study are conducted
at a submergence depth of s/

√
A = 6.6, which is accom-

panied by a distance of s/
√
A = 8.5 to the tank floor

and a distance of s/
√
A = 12.8 to the side walls.
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Fig. 10: Drag coefficient at a submergence of s/
√
A = 6.6 and

the achievable momentum coefficient without cavitation as a
function of Reynolds number

In addition, potential Reynolds number effects are
assessed. Figure 10 documents the drag coefficient as a
function of Reynolds number. Recall that the Reynolds
number is based on the square root of the model’s frontal
area and that zig-zag tripping tape is applied to the
rounded corners at the front of the model. The drag is
widely independent of Reynolds number. The selec-
tion of Reynolds number and therefore model velocity
for the current study is affected by the flow control
system (i.e., maximum available mass flow, resulting
momentum coefficients, and potential influence of cavi-
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tation). The jet velocity obtained from the hydrophone
measurements at which cavitation occurs is used to cal-
culate the corresponding momentum coefficient Cµ,cav
at different model velocities (Fig. 10). The calculation
of Cµ is described in Section 3.2.2 (Eq. 5). Based on
this jet velocity, the corresponding momentum coeffi-
cient decreases with increasing Reynolds number. For
example, at the same Reynolds number as reported
by Schmidt et al. [2015] for experiments in the wind
tunnel (i.e., Re = 7.0 ·105), the momentum coefficient at
which cavitation is expected is limited to Cµ,cav = 2.5%.
Cavitation does occur for higher Reynolds numbers
or momentum coefficients. The subsequent section dis-
cusses a wide range of values so that the influence of
cavitation on the flow control performance can be eval-
uated.

3.2.2 Effect of Separation Control in Water

(a) (b)

Fig. 11: Photo of the array of oscillators at the base of the
GETS model: (a) snapshot, and (b) extended exposure time

The results of separation control with fluidic oscillators
in water are discussed in this section. The oscillators are
implemented into the GETS model which is equipped
with various base flaps. First, the pattern of the water
jets emitted by the array of fluidic oscillators into air
is visualized in Fig. 11. The flow rate corresponds to
a Cµ of 0.9% at U∞ = 5 m/s. For this setting the jets’
oscillation frequency is 201 Hz, which corresponds to
a Strouhal number (or reduced frequency) of St =
foscL/U∞ = 12.1. This Strouhal number is at least
one order of magnitude larger than typical wake modes
of comparable bluff bodies (Grandemange et al. [2013]).

The base flaps are removed for this visualization. The
instantaneous picture (Fig. 11(a)) confirms the random
phase relation between neighboring jets as evident by
the different deflection angles. When increasing the
exposure time (Fig. 11(b)), the large spatial area affected
by the jets becomes visible. Despite the high frequency
motion of the jets, they appear to deliver a quasi-steady
actuation. This picture also confirms that neighboring
jets overlap and thereby form somewhat of a diamond
pattern in an average sense.
The even distribution of the mass flow rate is ensured by
hydrophone measurements of the oscillation frequency
between neighboring jets. The hose forces which ac-
crue with increasing model velocity and mass flow are
recorded prior to the experiments to correct the mea-
sured drag values. The momentum coefficient Cµ is
calculated with the theoretical jet velocity Ujet based
on ambient water density (Eq. 5). Note that the ref-
erence area for the calculation of Cµ is defined as the
model’s frontal area A = H · W , which differs from
typically used reference values on airfoils and wings.
Therefore, higher momentum coefficients are obtained
than for traditional flow control applications.

Cµ = 2 ṁUjet
Arefρ∞U2∞

= 2Anozzles
A

(
Ujet
U∞

)2
(5)

Experiments are conducted for various flap deflection an-
gles δ = 10◦/15◦/20◦ at a fixed flap length of lflap/

√
A =

0.33. A wide range of Reynolds numbers and momen-
tum coefficients is recorded. Figures 12 and 13 present
the results of the experiments in the towing tank. The
net drag values for base flap configurations δ = 10◦ and
δ = 20◦ are shown in Fig. 12(a). The results coincide well
for a wide range of Reynolds numbers, which infers the
independence of Reynolds number and the governance
of Cµ. These results are consistent with the observations
of Woszidlo and Wygnanski [2011] and Schmidt et al.
[2015] who also concluded that Cµ is the governing pa-
rameter between different Reynolds numbers if the
same geometric AFC configuration is maintained (e.g.,
same oscillator spacing). Several of the data points cor-
respond to mass flow rates which exceed the value for
which cavitation occurs (Cµ(Re) > Cµ,cav(Re)). Despite
the presence of cavitation, no obvious deviation from
the trendlines is observed. This indicates that cavitation
does not reduce the performance of separation control
with fluidic oscillators in water.
The trendlines extracted from the range of Reynolds
numbers for each flap deflection are summarized in Fig.
12(b). Without actuation, the small deflection angles
(i.e., δ = 10◦ and 15◦) exhibit a considerable drag re-
duction just because of the presence of the flaps. Recall
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Fig. 12: Net drag as a function of the momentum coefficient
for: (a) for different flap angles at various Reynolds numbers,
and (b) the trendlines for the investigated flap angles

that the baseline drag without flaps is CD,bl = 0.3. For
δ = 20◦ the baseline benefits are much smaller because
of flow separation at the base edges. When actuation
is enabled, the flow remains attached and the drag is
reduced. The minimum net drag requires a higher mo-
mentum coefficient with increasing flap deflection.

A substantial reduction in net drag is observed for
δ = 15◦ and δ = 20◦ with a drag minimum located
at Cµ = 1.0% and 2.5%, respectively. For higher mo-
mentum coefficients, the net drag increases and renders
the actuation inefficient. As argued by Schmidt et al.
[2015], the regions of lower pressure caused by the high
velocity jets, their lateral force components, and changes
in the wake dynamics are likely reasons for this obser-
vation. The momentum exerted by the actuation is not
completely converted into thrust. A flap deflection of
δ = 10◦ provides the overall lowest drag due to the
initial drag improvements without AFC. For practical
purposes, AFC may not be required for this particular
application; however, the flow control approach with
base flaps and fluidic oscillators has not been optimized
in terms of effectiveness or efficiency. In this study, the
model serves merely as a platform for investigating sep-
aration control with fluidic oscillators in water and how
the results compare to experiments in air.
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Fig. 13: Mean base pressure as a function of the momentum
coefficient for: (a) δ = 20◦ and various Reynolds numbers,
and (b) the trendlines for various flap angles

Similar to the force data, Fig. 13(a) confirms that the av-
erage base pressure is also independent of the Reynolds
number when actuation is applied to the model. The ex-
tracted trendlines for each flap deflection are displayed
in Fig. 13(b). The results imply that the achievable
pressure recovery converges to an almost constant value
at which the flow is fully deflected and attached to the
base flaps. Therefore, an effective value of Cµ may also
be extracted from the pressure data independent of any
drag correction method. Similar trends can be extracted
from the pressure distribution over the flap. Schmidt
et al. [2015] showed that the trailing edge pressure of
the flap remains almost constant once the flow is fully
attached. The evaluation of pressure data provides a
selection tool for an effective and efficient value for Cµ.
A visual confirmation of the drag reduction is pro-
vided by underwater PIV measurements. Figure 14 il-
lustrates the flow field of half the wake for three char-
acteristic configurations. The PIV data are recorded at
several crosssections and merged to an average three-
dimensional flow field. In addition to the velocity mag-
nitude U/Umodel, the iso-surface u/Umodel = 0 marks
the extent of the recirculation area which serves as a
reference for the size of the overall wake. The baseline
configuration (Fig. 14(a)) exhibits a large recirculation
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area with a streamwise extent up to x/L = 1.25. The
addition of base flaps deflected at δ = 20◦ does not yield
any substantial reduction in wake size (Fig. 14(b)). The
streamwise extent is only slightly reduced to x/L = 1.2.
The flow remains separated. When separation control is
applied (Fig. 14(c)), the flow adheres to the deflected
flaps and significantly reduces the size of the wake to
x/L = 0.95 and thereby the drag.
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3.3 Comparison between Wind Tunnel and Towing
Tank Experiments

Figure 15 visualizes the relative drag changes obtained
with the GETS model in the towing tank and com-
pares these values to the wind tunnel data published
by Schmidt et al. [2015]. The baseline drag coefficients
CD,bl measured in the different test facilities deviate
only by CD,bl ≈ 0.01. A drag coefficient of CD,bl = 0.31
and CD,bl = 0.3 is measured in the wind tunnel and the
towing tank, respectively. Note that model geometry and
the tripping are identical in both tests. The deviation
in the baseline drag may be attributed to the different
mountings and boundary conditions. Figure 15 summa-
rizes the relative net drag improvement (CD+Cµ)−CD,bl

CD,bl
between both facilities for various flap angles δ.
The drag improvements without actuation agree well
except for a slight deviation at δ = 20◦ which may be at-
tributed to an increased sensitivity to boundary effects.
The increase in baseline drag at higher flap angles is
related to an adverse pressure gradient on the inclined
geometry which depends on the respective boundary
conditions. Several studies (e.g., Ahmed et al. [1984];
Cooper [1985]; Schmidt et al. [2015]) illustrate a sudden
increase in drag when exceeding a certain deflection an-
gle due to flow separating over the inclined flaps. When
actuation is enabled, the data from both test facilities
agree very well for small momentum coefficient. The
required momentum to achieve optimal net performance
is the same within the resolution of the data points.
For the larger momentum coefficients the results devi-
ate for δ = 10◦ and δ = 15◦. The flow is already fully
attached at small levels of actuation (Fig. 13(b)) which
diminishes the effect of actuation to almost a pure injec-
tion of momentum. In air, the determination of momen-
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tum is burdened by uncertainty due to compressibility
and local entrainment effects. The uncertainty increases
with Cµ. Because the calculated momentum is used to
correct the data, this uncertainty in air leads to sub-
stantial deviations in the comparison. However, if the
actuation maintains an effect beyond just momentum
injection (which is the case for δ = 20◦), the results
agree almost exactly. This argument is supported by
the comparison of pressure data (Fig. 16). As discussed
previously, the base pressure does not change anymore
once the flow over the flaps is fully attached despite
additional momentum input. Therefore, only flow field
effects are captured in the base pressure. Now, the re-
sults from both test facilities agree very well for all flap
angles and over a wide range of momentum coefficients
(Fig. 16(a)). The differences in baseline pressure may
be attributed to different boundary conditions within
the test facilities (e.g., blockage effects). The pressure
distributions over the flap for Cµ = 3% agree similarly
well (Fig. 16(b)). Despite a small offset, the same trends
are captured in water and in air. It is noteworthy that
the pressures at the flap trailing edge almost coincide
with the base pressure.

0

0.25

0.5

|z
/
H
|

0

0.25

0.5

|z
/
H
|

−0.5 0 0.50

0.25

0.5

|y/W |

|z
/
H
|

-0.5 0 0.5
|y/W |

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1
U/U∞

(a)

(b)

(c)

wind tunnel towing tank

ba
se

lin
e

δ
=

20
◦ ,

no
A

FC
δ

=
20
◦ ,
C
µ

=
2.

5%

Fig. 17: Velocity fields recorded at x/L = 0.82 downstream of
the model’s base within the wind tunnel at Re = 0.7 · 106 (left
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The comparison of the flow control experiments in wa-
ter and air is concluded by comparing the respective
PIV results. Figure 17 illustrates the velocity magnitude
within the crosssections at x/L = 0.82 for three rep-
resentative configurations. Therefore, the velocity field
of the opposite side of the mounting is visualized here.
The iso-lines u = 0 m/s (white dashed lines) are visual-
ized to highlight the extent of the recirculation region.
Overall, the flow fields in water and air agree very well.
Slight deviations are also related to an increased mea-
surement error attributed to the closely aligned cameras
within the underwater PIV system, which mainly affects
the out-of-plane velocity component. The results of Fig.
17 correspond to the three-dimensional flow fields vi-
sualized in Fig. 14. Compared to the baseline velocity
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fields (Fig. 17(a)), the flaps slightly reduce the reverse
flow velocity within the recirculation bubble whereas its
expansion remains nearly constant (Fig. 17(b)). When
actuation is applied (Fig. 17(c)), the wake size and the
recirculation area are significantly reduced due to the
increased inward deflection of the outer flow.

4 Conclusion

The presented work examines the feasibility of employ-
ing fluidic oscillators for separation control on a bluff
body model in water. Experiments in water yield higher
Reynolds numbers and larger time scales than in air,
which simplifies the dynamic flow field investigation
closer to full-scale conditions.
Bench tests are conducted to document the oscillators’
properties in water. The oscillation frequency is obtained
for various scales of two oscillator designs with air and
water as the working fluid. When the frequency is scaled
by the oscillator size to represent an internal convec-
tive velocity and reported as a function of jet velocity,
all data collapse onto a single line. This relationship
is derived from the understanding of the internal dy-
namics that govern the oscillation frequency and can
be employed to estimate the frequency for any given
application.
A fluidic oscillator operated in water is examined with
a high-speed camera to capture potential regions where
cavitation occurs. External hydrophone measurements
are conducted to determine the influence of cavitation
on the oscillator’s properties. The visual observations
reveal that cavitation occurs solely downstream of the
external nozzle without any evidence for cavitation in-
side the device. This observation is confirmed by the
oscillation frequency which is unaffected by cavitation
because it is governed by the internal dynamics. The
onset of cavitation is observed visually and estimated
analytically through the jet velocity. In addition, the in-
tegral power of the hydrophone spectra shows a sudden
change once cavitation occurs which provides another
useful detection tool. No evidence is found that cavi-
tation affects the performance of fluidic oscillators for
separation control.
The thrust exerted by the array of fluidic oscillators em-
ployed for separation control on a bluff body is measured
and compared to results obtained in air. Compressibility
effects in air and local entrainment effects in the vicinity
of the nozzles commonly lower the measured momen-
tum. These effects are alleviated when using water as
the working fluid exerted into air. With a simplified
analytical approach, it is shown that the loss of the
lateral force component during the sweeping motion is
balanced by an accompanying increase in jet velocity.

However, the measured thrust still exceeds theoretical
values by up to 15% which is likely due to the internal
boundary layers reducing the effective outlet area and
increasing the peak velocity. If the loss of the lateral
force component were accounted for during measure-
ments, the total thrust would likely be even greater. In
the absence of compressibility effects, this result implies
that the thrust employed by fluidic oscillators is larger
than what is usually assumed in the literature. However,
in air the thrust decreases with increasing compress-
ibility. The accurate determination of total thrust from
fluidic oscillators remains an experimental challenge.
The examined bluff body model represents a simplified
truck model without any geometric details. The model
equipped with base flaps is tested in a water towing
tank. The results are compared to prior experiments
on the same model in a wind tunnel. The difference
in the baseline drag is less than 3%. The performance
of separation control over deflected base flaps agree
well in water and in air. Some variations in net drag
improvement are related to the uncertainty of accurately
determining the momentum coefficient in air. Pressure
measurements over the flaps and on the model’s base
compare very well between both facilities. The base
pressure converges to an almost constant value once the
flow over the flaps is fully attached. This provides a
useful metric to determine an efficient actuation level
without having to rely on any correction methods based
on momentum coefficient. Finally, the velocity field in
the model wake as recorded by PIV shows excellent
agreement for a range of configurations, which also
validates the accuracy of the underwater PIV system
employed in this work.
The results of this work confirm the general feasibility
of employing fluidic oscillators for separation control in
water. The oscillators’ properties and their performance
are transferable and scalable from air into water within
the subsonic regime.
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Abstract The time-resolved flow field in the wake of a
rectangular bluff body in ground proximity is examined
through wind tunnel experiments. In addition to an
extensive assessment of the baseline wake dynamics, the
study also investigates the impact of passive (i.e., base
flaps) and active (i.e., fluidic oscillators) flow control
on the wake dynamics. The velocity field downstream
of the model is acquired with a stereoscopic high-speed
particle image velocimetry system at several streamwise
and crosswise sections. Coherent wake structures are
determined by conditional averaging, spectral analysis,
and Spectral Proper Orthogonal Decomposition. The
baseline flow field is dominated by a wake bi-stability
that is characterized by a random shift between two
stable wake states. The bi-stability is governed by the
model’s aspect ratio and occurs in the vertical direction
because the model height is 1.35 times larger than its
width. Higher frequency modes with less energy content
as determined in the appropriate literature are identified
and visualized. A coupling between these modes and the
bi-stability is discussed. Flow control has a significant
impact on the wake dynamics. When passive flow control
is applied, the bi-stability of the wake is still present
for a flap angle of 20◦. The higher frequency modes are
still detectable but weakened. The turbulence intensity
is significantly reduced when the flow attaches to the
base flaps and the bi-stability is inhibited. When active
flow control is applied, the higher baseline frequencies
are suppressed in addition to the absence of the bi-
stability. Solely the dominant mode at a Strouhal
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number of about 0.08 remains present for all flow control
configurations. This mode is attributed to an alternating
shear layer oscillation.

1 Introduction

The desire for reducing the aerodynamic drag of bluff
bodies has been a driver for numerous research efforts.
These scientific endeavors are motivated by the practical
relevance of bluff bodies (e.g., for the transportation in-
dustry). Several studies initially focused on the detailed
description of the natural flow field of bluff bodies. Early
studies investigated the mean flow conditions of differ-
ent geometries (e.g., Mason and Beebe (1978); Ahmed
et al. (1984)) and their optimization by adding simple
devices for passive flow control (e.g., Peterson (1981);
Cooper (1985)). Modern measurement techniques and
advanced computational capabilities enabled a deeper
insight into the turbulent wake that is responsible for the
large drag of bluff bodies. Several recent studies focused
on the description of transient effects by determining
the coherent wake structures and their characteristic
frequencies. The frequencies identified in these studies
were similar and were attributed mostly to the same
spatial flow effects. Duell and George (1999) examined
a bus-shaped bluff body model with a square-shaped
frontal area. They observed a so-called wake pumping
at a normalized frequency of StH = fH/U∞ = 0.069
(based on the model height H) and a shear layer vortex
shedding frequency of StH = 1.157. The low-frequency
mode was also determined by other experimental and nu-
merical studies (e.g., by Krajnović and Davidson (2003),
Khalighi et al. (2001), Khalighi et al. (2012), or Volpe
et al. (2015)) and may be ascribed either to the inter-
action of the opposite parts of the recirculation vortex
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(torus) or to a lateral oscillation induced by separated
shear layer vortices. Volpe et al. (2015) determined the
occurrence of several dominant low-frequency modes by
time-resolved pressure measurements at the rear end
of an Ahmed model with a blunt rear end. Strouhal
numbers of StH = 0.13 and 0.17 were associated with
the interaction of opposite shear layer vortices separat-
ing at the base edges. This shear layer interaction was
also observed by Grandemange et al. (2013b). Addition-
ally, Volpe et al. (2015) observed a relation between
the base pressure and the velocity fluctuations in the
mid-section of the upper shear layer at StH = 0.08 in-
dicating the presence of wake pumping as described by
Duell and George (1999).
Beside these wake modes, the natural wake of a box-
shaped, bluff body is mostly dominated by a random
switching motion between two preferred states. The
bistable behavior of the recirculation area is charac-
terized by a shift from one asymmetric state to the
other after a random dwelling time. Grandemange et al.
(2013b) estimate that the time the wake stays in one
preferred position scales with 103H/U∞ which is three
orders of magnitude higher than typical wake time scales.
Both asymmetric wake orientations occur statistically
with the same probability. The asymmetric wake in-
duces a transient lateral force in the respective direction.
The spatial and temporal behavior of these long-time
dynamics and the boundary conditions at which they
occur were examined on square-back models similar to
the Ahmed body (e.g., by Grandemange et al. (2013b);
Volpe et al. (2015); Evrard et al. (2016)) and on the
Windsor model (e.g., by Perry et al. (2016); Pavia et al.
(2017)). In these studies, the preferred direction of the
bistable shift motion is in the lateral direction when
a critical ground distance of z/H = 0.1 is exceeded.
However, Cadot et al. (2015) determined that the wake
stability bifurcation not only depends on the ground
clearance, but also the Reynolds number. The ground
clearance to achieve bi-stability decreases with increas-
ing Re. Then, the stability persists for different geo-
metric configurations (Grandemange et al. (2013a)).
Additionally, Grandemange et al. (2013a) obtained a
bi-modal behavior in the vertical direction for an inverse
aspect ratio (H/W = 1.34), which occurs particularly at
a ground clearance of d/H ≈ 0.1. Unlike the horizontal
bi-stability, the vertical modes are not symmetric due
to the presence of the ground.
The bistable shifting motion has not been found in
all studies on bluff bodies (e.g., Krajnović and David-
son (2003); Barros et al. (2016b)). Therefore, further
studies focus on the control of the horizontal transition
between the preferred states by adding additional per-
turbations. The influence of small control cylinders on

the bi-stability and the resulting forces are discussed
by Grandemange et al. (2014). Depending on the loca-
tion of the perturbation, the bi-stability is unaffected
or suppressed, or remains at one stable position. The
authors assessed the pressure drag increase induced by
the bi-stability to 4% − 9%. Different underbody per-
turbations with variable dimensions are investigated by
Barros et al. (2017) on the same model. The lateral
bi-stability occurs for intermediate size perturbations,
otherwise vertically asymmetric states occur. This study
provides some suggestions for the influence of the mount-
ing on the wake’s dominant bistable shifting motion. In
summary, previous studies have extensively examined
the bi-stability regarding its characteristic time-scales,
the spatial alignment, as well as the effect of geometric
boundary conditions or perturbations. The energy con-
tent of the bi-stability is one order of magnitude higher
than the higher frequency modes. To the author’s knowl-
edge, a connection between the wake’s bi-stability and
the higher frequency modes has not been discussed in
detail in literature so far. Only Pavia et al. (2017) deter-
mine a link between the bistable motion and the wake
pumping.

Rear end modifications such as base flaps are effective
devices for the drag reduction of bluff bodies and their
influence on the wake dynamics is reported in several
studies. Duell and George (1999) observed a suppres-
sion of the bubble pumping mode and a base pressure
increase of 11% at a cavity depth of 0.8 lflap/H, where
lflap is the flap length. This change of pressure drag
may be attributed to the downstream postponement of
the turbulent wake modes. Khalighi et al. (2001) ex-
hibited a drag reduction of 20% when adding a base
cavity with 0.5H that reduces the turbulence intensity
by approximately 10% accompanied by a suppression
of the fluctuations at StH ≈ 0.07. The numerical in-
vestigation of an Ahmed body by Lucas et al. (2017)
indicates the suppression of the bistable wake motion by
the presence of a base cavity which resulted in a decrease
in pressure-induced drag. Khalighi et al. (2012) deter-
mined a damping of the StH = 0.08 and StH = 0.18
modes for a boat-tail with the same length accompa-
nied with a significantly drag reduction of 30%. Evrard
et al. (2016) investigated the effect of the base cavity
length on the long-time dynamics reported by Grande-
mange et al. (2013b). The footprint of the bi-stability
was clearly detectable by the base pressure distribution
and decreases with increasing cavity size. In general, a
stabilization of the wake and a distinct mean base pres-
sure increase occurs when the normalized cavity length
exceeds lflap = 0.24H. The sensitivity of the bi-stability
to horizontal trailing edge chamfers is investigated by
Perry et al. (2016). The wake tends to a single symmet-
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ric, less turbulent state as long as the shear layers are
deflected inward.
The prevailing vortex structures of the bistable states
are reconstructed by several authors. Evrard et al. (2016)
assume an alteration of the mean vortex system from the
bistable pair of randomly occurring mirrored modes to
a less energetic, static, torus-shaped vortex as described
by Krajnović and Davidson (2003). Both time-averaged
vortex systems are visualized based on conditional av-
eraging. A pair of curved, counter-rotating, streamwise
vortices connected to the close wall recirculating vortex
form a horseshoe-shaped vortical structure. Perry et al.
(2016) hypothesize that the lateral vortex close to the
base forms an isolated transversal vortex, whereas a
C-shaped streamwise vortex occurs instead of the horse-
shoe vortex assumed by Evrard et al. (2016). Pavia
et al. (2017) extensively investigated the topology of
the wake’s bi-stability downstream of a Windsor body.
A vertical hairpin vortex is proposed that originates at
one trailing edge bending over to the other side while
shifting downstream, which is similar to the topology
assumed by Evrard et al. (2016). Farther downstream,
both parts merge to a single streamwise vortex.
Beyond these geometric (passive) modifications, active
flow control (AFC) represents a more invasive procedure
to provide an effective flow field manipulation due to
the additional energy input at desired locations. Over
the recent decades, a variety of AFC methods have been
investigated at various two- or three-dimensional models
to determine the most efficient flow control method. As
a subcategory of bluff bodies, several efforts have been
focused on the Ahmed reference body. Brackston et al.
(2016) developed a feedback controller that successfully
suppresses the wake’s bi-stability using oscillating flaps
at the rear end. A drag reduction of 2% was measured for
the controlled wake. Khalighi et al. (2012) numerically
investigated the effect of Coanda blowing on the wake
dynamics. They achieved a drag reduction of up to 50%
for a jet velocity twice the freestream velocity, which
agrees to the experimental results of Englar (2001). A
wide portion of the flow field remains nearly unaffected
by any measurable dominant mode. The spectra ex-
tracted from selected positions within the velocity field
exhibit a damping over the entire frequency band.
These publications indicate a direct relation between
base pressure and wake dynamics, which may be sum-
marized in simple terms: the energy content of the wake
modes correlate with the pressure drag.
Therefore, Barros et al. (2014) focus on the direct ma-
nipulation of a global wake mode via low- and high-
frequency pulsed jets which exit tangentially to the
model’s side faces. The low-frequency actuation at StH =
0.4 amplifies the wake modes by enhancing the shear

layer roll up that increases the entrainment and therefore
reduces the wake size. Additionally, Barros et al. (2016a)
exhibit an amplification of the shedding frequency by
periodic forcing which yield a resonance effects within
the wake. As a consequence, a significant decrease of the
base pressure is obtained. The high-frequency actuation
(StH = 11.5) causes a dampening of the wake modes
and a decrease of the pressure drag by ∆CD ≈ 10%. The
relevance of the shear layer for the entire wake dynamics
and its sensitivity to manipulations was determined.

Barros et al. (2016b) extended these investigations to
yield a distinct reduction of the turbulent energy in
the wake when employing high-frequency actuation.
Whereas the low-frequency actuation enhances the shear
layer roll-up to entrain more ’external’ momentum into
the wake which increase the overall turbulence intensity,
the high-frequency actuation deflects the shear layer
farther inwards, significantly reduces its growth rate,
and reduces the entrainment of external momentum. Li
et al. (2016) used feedback-controlled lateral jets to in-
hibit the bimodal shifting motion. One-sided actuation
forced an asymmetric state independent of the actuation
frequency resulting in a base pressure decrease of 10%,
whereas the feedback-control with a forcing frequency of
StH = 0.8 yields a symmetric wake and a base pressure
recovery of 2%. Barros et al. (2016b) achieved a decrease
in base pressure by 12% at an actuation frequency of
StH = 0.8 which is attributed to the enhanced shear
layer cross-flow dynamics. These outcome explain the
moderate drag reduction of Li et al. (2016).

The current paper focuses on the unsteady flow ef-
fects past a bluff body model with an aspect ratio of
H/W = 1.35 in ground proximity with and without ac-
tive flow control. The characterization of the dominant
wake modes is further pursued to obtain information
about their spatial occurrence and orientation. The bi-
stability is investigated and its connection to the higher
frequency modes is described. Base flaps as passive and
fluidic oscillators as active flow control are applied to the
model and assessed with regards to the emerging wake
dynamics. Fluidic oscillators generate a self-sustained,
high-frequency oscillating jet at the outlet without the
use of moving parts. The oscillator’s governing inter-
nal dynamics and the external flow field ejected into
a quiescent environment is provided by Woszidlo et al.
(2015). Schmidt et al. (2015) discussed the global effect
of these passive and active flow control approaches on
the same model without any detailed study of the wake
dynamics.
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2 Experimental setup and instrumentation

The bluff body model experimentally investigated in
the current study corresponds to the GETS (General
European Transport System) geometry introduced by
Van Raemdonck and Van Tooren (2008). It was de-
veloped as a simplified representation of a European
long-haul, heavy-duty vehicle without any of its geomet-
ric details (e.g., tires, side mirrors, gap between truck
and trailer, etc.). The model’s rectangular shape has
a height-to-width ratio of H/W = 1.35 that is similar
to the inverse aspect ratio of an Ahmed body. Addi-
tionally, a rounded front is attached to the model with
a radius of 54 mm (0.15H) to overcome the critical
Reynolds number as determined by Cooper (1985).
The front is equipped with turbulence tapes to suppress
laminar separation. The model, its air supply system,
and the internal retaining structure are illustrated in
Fig. 1(a). The top and side faces are made from alu-
minum plates, which are attached to the inner structure
that is connected to the external balance underneath
the test-section via vertical struts. Gaps between these
plates and screw holes are sealed with modeling clay.
The outer dimensions of the model are visualized in
Fig. 1(b). The origin of the coordinate system referred
to in this work is located at the center of the model’s
base plate (Fig. 1(b and c)). Base flaps are attached to
the model’s rear end with a slight inward shift to ensue
enough space for the oscillator nozzles (Fig. 1(a), small
frame). The flap angles, which were chosen according to
the results of Schmidt et al. (2015), are listed in Table 3.
The flap length is set to lflap/H = 0.29 for the current
study.
The oscillators are implemented into the rear edges
of the model with an inward offset of 4.6 mm (i.e.,
1.3% model height H) that is due to manufacturing
requirements. The oscillators are milled into small rear
end side-plates to emit spatially oscillating jets parallel
to the model’s side faces. The equidistant spacing of
∆s = 36 mm between adjacent oscillators is defined on
the basis of the results by Schmidt et al. (2015). The
external nozzles of the oscillators have a hydraulic diam-
eter of 1.3 mm (0.37% H). The air supply is provided
by four pressure chambers located internally behind the
base plate. The even distribution of mass flow along
the oscillator strips is verified by analyzing the oscilla-
tion frequency of each oscillator. Additional information
about the implementation of the AFC system and the
used oscillator are provided by Schmidt et al. (2015).
The thrust generated by the jets is defined by the mo-
mentum coefficient Cµ = 2Ajet/(H ·W ) · (Ujet/U∞)2.
The jet area Ajet represents the total exit area of all os-
cillators combined. Hotwire measurements downstream

of the model’s orifices determined oscillation frequencies
of fosc ≈ 0.85 kHz (StH = 17.0) and fosc ≈ 1.22 kHz
(StH = 24.4) for Cµ = 1.0% and Cµ = 2.5%, respec-
tively. Woszidlo and Wygnanski (2011) argue that the
effectiveness of the jets does not depend on the sweeping
frequency at those considerably high oscillation frequen-
cies. The jet velocity is estimated as bulk velocity at the
exit based on the measured mass flow rate and ambient
conditions (Schmidt et al. (2015)). These velocities are
calculated to be Ujet = 3.1U∞ and Ujet = 4.9U∞ for
Cµ = 1.0% and Cµ = 2.5%, respectively.
The experiments are carried out in the closed-loop wind
tunnel of the Hermann-Föttinger-Institut at the Tech-
nische Universität Berlin. The test-section has an overall
length of 5 m with a cross-section of 2m× 1.4 m. The
freestream velocity is determined via a Pitot-static
tube downstream of the wind tunnel contraction at
the ceiling of the first test section. The dynamic pres-
sure is measured with a 1, 000 Pa MKS Baratron 220D
with an accuracy of 0.15%. The maximum applicable
freestream velocity in the test-section is U∞ = 60 m/s.
The experiments are conducted at a freestream veloc-
ity of U∞ = 35m/s which corresponds to a Reynolds
number of Re = 6.7 · 105. The ground distance of the
model d can be incrementally changed by adapter plates
for the vertical rods and the NACA-shaped mounting
skirt. In this study, the distance between the model and
the splitter plate is set to 0.14H. This ground plate is
mounted 0.16 m above the wind tunnel floor to mini-
mize freestream boundary layer effects. The blockage
within the test-section is less than 10%.
The flow field dynamics of the bluff body are assessed
by force, pressure, and laser-based velocity field mea-
surements. The aerodynamic forces are captured by an
external six-component balance with a temporal reso-
lution of 2 Hz and an accuracy of 0.3% full scale. The
mean drag values are reported as a reference for the de-
scription of the general effect of the flow control methods.
Two vertical rods for the connection between model and
balance, the main air supply hose, and the cables of the
pressure sensors are guided through an airfoil mounted
to the wind tunnel floor to prevent any distortion of
the force measurements and to reduce the free stream
perturbations underneath the model. The differential
pressure sensors (HDO Series by Sensortechnics) with
a nominal load of ±1000 Pa and a maximum error of
less than 0.5% full scale are attached to the model’s
rear base plate to determine the time-resolved static
pressure distribution. The pressure data are recorded at
a sampling rate of 65 kHz for 25 s. The static pressure
provided by the Pitot tube is utilized as the reference
pressure. The response time of the sensors is less than
0.1 ms. The pressure taps over the model’s base are
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Fig. 1: Illustration of the GETS model: (a) visualization of the model mounted in the wind tunnel including the hose system for
the actuation and the detailed visualization of the rear end components (small window), (b) a schematic illustration of the model’s
dimensions including the position of the PIV measurement sections, and (c) the location of the base pressure taps

arranged as an equidistant 3× 3 array (Fig. 1(c)). The
sensors are located within the model behind the base
plate to keep the distance to the pressure taps as short
as possible.

A high-speed stereo PIV system is used to capture the
time-resolved velocity field downstream of the model.
The measurement system includes a double-pulsed
Quantronix Darwin Duo 100 /Nd:YLF Laser with an
energy output of 60 mJ per pulse and a wave length
of 527 nm, a mirror arm, laser sheet optics, and two
Photron Fastcams SA1.1 cameras with a CMOS-Chip
resolution of 1024× 1024 pixel. A maximum frame rate
of 5kHz is possible with this system. The cameras are
equipped with Canon EF 85mm f/1.2 II USM objec-
tives that are computer-controlled via an EOS ring. The
acquired fields of view relative to the bluff body ge-
ometry are visualized in Fig. 1(b). The cameras are
positioned outside the wind tunnel downstream of the
model at both sides of the test section to accomplish
view angles of approximately 45◦ relative to the light
sheet. The tilt angles are manually adjusted. Atomized
silicon oil (DEHS) with an average diameter of 1 µm is
used as tracing material. For each test case, a total of
5,500 double pictures are recorded with each camera at
a frame rate of 500 Hz, which may provide an adequate
measurement period for the determination of transient
effects. However, the limited measurement time of 11 s
may not be sufficient for statistical convergence.

The commercial software PIVview3C v.3.6 is used to cal-
culate the velocity fields. The interrogation window-size

for the correlations is incrementally reduced via multi-
grid interrogation, refining the windows size from the
coarse pass of 96 pixels to the final pass with a sample
size of 24 pixels. A window overlap of 50% is employed
to increase the spatial resolution to approximately 3.6
mm (1.0%H). An outlier detection filter is applied on
both vector fields. A residual filter is applied to the
three-components (3C) vector reconstruction. Residuals
larger than 2 pixels (approximately 2.1% of all vectors)
are removed and replaced with the DCT-PLS method
as described in Sect. 3.1.

3 Data processing

The time-resolved velocity field data are analysed in
detail regarding coherent wake structures, and their
spatial and temporal characteristics. Therefore, missing
and significantly deviating vectors are replaced using a
PIV filter (Sect. 3.1). The data analysis techniques to
determine spatial and temporal information from the
velocity data are described in Sect. 3.2 and Sect. 3.3.

3.1 Data smoothing

The utilization of the 3C residual filter on the vector
reconstruction of the stereoscopic PIV data yields in-
complete velocity data (about 2% missing vectors). The
computation of frequency spectra at a certain location
requires continuous time series. Therefore, outliers and
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missing velocity data are replaced and interpolated via
the Discrete Cosine Transform (DCT) - based penal-
ized least squares (PLS) approach. This algorithm is
introduced by Garcia (2011) as a fast and robust fil-
ter especially for n-dimensional PIV data. The Matlab
function smoothn (supplemental material provided by
Garcia (2011)) is applied to the entire PIV data set.
The smoothing is applied on each snapshot to recover
spatial information without smoothing in time. Fig. 2(a-
c) visualizes the effect of the smoothn-filter applied to
an arbitrarily chosen PIV snapshot. Fig. 2(d) illustrates
the time-series of the velocity fluctuations at a ran-
domly chosen point S at (xS/H, zS/H) = (0.5,−0.1).
The power spectral density of both signals is shown in
Fig. 2(e) in terms of the Strohal number St = fH/U∞
where f is the frequency. The missing values of the raw
signal are linearly interpolated for that calculation.
The filter has a minor influence on the entire frequency
band; especially, it is negligible for the low-frequency
band (St < 1.0) because the dominant frequencies and
their amplitudes do not change significantly. The ampli-
tudes of the high-frequency band (St ≥ 1.0) are mostly
dampened by the filter.

3.2 Spatial frequency and amplitude detection

The temporal behavior of the entire velocity field is
analyzed by frequency analysis for each spatial loca-
tion. Therefore, the power spectra density (PSD) is
estimated by the Welch method to determine the
frequency-related power (P (f)) of the velocity fluctua-
tions u′(x, t) = u(x, t)−u(x). The measurement signals
are divided into 30% overlapping sequences. Each se-
quence is multiplied with a Hamming- window. The
calculated periodograms are finally averaged to obtain
the Welch estimate of the PSD. The averaging of the
modified periodograms significantly reduces the noise
of the resulting spectrum, which reduces the influence
of large-scale stochastic fluctuations. However, the res-
olution in frequency is also reduced. In this study, the
resolution is df = 0.06 Hz which is attributed to zero
padding of the measurement signals yielding a finer
interpolation of the frequencies.

3.3 Spectral POD

The Spectral Proper Orthogonal Decomposition (SPOD)
is utilized for the identification of coherent wake struc-
tures. This method was developed by Sieber et al. (2016b)
to obtain spatial and temporal information on coher-
ent structures, especially within turbulent flows. Unlike
the conventional snapshot-POD, time-resolved data are

required for the utilization of this method. Following
the nomenclature of Sieber et al. (2016b), the velocity
fluctuations are decomposed into temporal coefficients
ai and spatial modes Φi:

u′(t) =
N∑

i=0
ai(t)Φi(x) . (1)

The temporal correlation matrix R of the data set (nor-
malized with the number of snapshots N) is defined
as:

Ri,j = 1
N

∫

V

u′(x, ti)u′T (x, tj)dV , (2)

where V constitutes the spatial integration region and
the operator ()T represents the vector transpose. The
temporal coefficients ai and mode energies λi are com-
puted from the correlation matrix via eigenvalue decom-
position

Rai = λiai with λ1 ≥ λ2 ≥ · · · ≥ λN ≥ 0 . (3)

Finally, the spatial modes Φn(x) are derived from the
projection:

Φi(x) = 1
Nλi

N∑

j=1
ai(tj)u(x, tj) . (4)

The procedure of the SPOD is similar to the conventional
snapshot POD as outlined in Eq. 1 - 4. Sieber et al.
(2016b) modify the POD algorithm by applying a low-
pass filter on the diagonals of the correlation matrix R,
to determine the filtered correlation matrix S:

Si,j =
Nf∑

k=−Nf
gkRi+k,j+k . (5)

The diagonal elements of S are smoothed by a sym-
metric, finite impulse response Gaussian filter g. The
filter width Nf represents a spectral limitation of the
SPOD modes. This modification generally provides bet-
ter separation of single flow structures, and enables
the detection of dynamic effects weaker than both the
noise level and short-term effects (Sieber et al. (2016b)).
The filter width Nf is defined as an equivalent of the
wake pumping period of St1 = f1H/U∞ ≈ 0.08 to
Nf = 2fs/f1 = 250 where fs represents the acquisition
frequency (Sieber et al. (2016a)). The correlation matrix
S can be used in Eq. 3 instead of R. The calculation
of the temporal coefficients and energy content of the
modes corresponds to the aforementioned standard POD
algorithm. Sieber et al. (2016b) additionally introduce
a method for the determination of coupled modes via
the spectral coherence of the temporal coefficients. The
relative energy K of a mode pair is the sum of their
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Fig. 2: Effect of the smoothing on the velocity field: Instantaneous PIV snapshot: (a) raw data, (b) filtered data, and (c) the
difference. The effect of the filter is illustrated in terms of: (d) the timeseries of u′S and (e) the respective frequency spectra PS at
(xS/H, zS/H) = (0.5,−0.1)

eigenvalues normalized with the sum of all eigenvalues.
The most energetic coupled SPOD modes are phase-
averaged in Sec. 4.1.3 for the baseline configuration and
in Sec. 4.3 for the AFC cases.

4 Results

The results of the experimental investigations are de-
scribed in this section. First, the transient effects of
the baseline flow field (without passive and active flow
control) are illustrated in Sect. 4.1. The general effects
of the passive and active flow control approaches are
described in Sect. 4.2. Finally, the influence of the flow
control on the dominant wake modes is presented in
Sect. 4.3.

4.1 The baseline flow dynamics

This section presents the natural flow conditions down-
stream the GETS model. First, the bi-stability is dis-
cussed in Sect. 4.1.1. The higher frequency modes are
described in Sect. 4.1.2. Finally, the SPOD is applied
to the baseline velocity data to give an overview on the
spatial emergence of the most dominant modes and their
connection to the bi-stability (Sect. 4.1.3).

4.1.1 The bi-stability of the wake

Figure 3(a) illustrates the baseline flow field in terms of
the distribution of the normalized covariance of the in-
plane velocity fluctuations u′w′/U∞. Additionally, the

size of the recirculation area is marked, which is deter-
mined as the region in which the streamwise velocity
component is negative (u < 0). Typical areas of large
Reynolds stresses u′w′/U∞ are the shear layers and
the center of the recirculation vortices. The shear layer
vortices transfer higher momentum from the freestream
into the wake. The presence of the ground reduces the
intensity of the lower shear layer. However, the under-
body flow provides enough momentum to maintain the
typical, organized bluff body wake structure as reported
in literature (e.g., by (Duell and George, 1999; Krajnović
and Davidson, 2003)). The inner wake dynamics are gov-
erned by the interaction between the vortex separation
from the base edges and the dynamic of the free stagna-
tion point (S4 in Fig. 3(a)). Fig. 3(b) visualizes the time
series of the streamwise velocity fluctuation u′ extracted
at the locations S1 and S2 which mark the center of the
recirculation vortices. The extracted time series reveal
that the flow shifts randomly between two stable equi-
librium states, which indicates a bistable wake behavior.
The streamwise velocity fluctuations at S1 and S2 are
in anti-phase. The related frequency spectra are shown
in Fig. 3(c). Beside the typical wake frequencies, the
most power is related to the low-frequency bi-stability
(St ≈ 0).
A footprint of the bistable wake motion is extracted
from the base plate pressure values. Figure 4(a) visual-
izes the evolution of the pressure coefficients located in
the vertical mid-plane as a function of time. The related
probability distributions show two distinct peaks, which
emphasizes the random shift between the two stable
positions as determined from the velocity data. The
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Fig. 3: (a) Distribution of Reynolds shear stresses within the flow field, the red dashed line indicates the region of the recirculation
(u < 0m/s)), (b) the time series and probability distributions at position S1 and S2, and (c) the respective frequency spectra

asymmetry of the probability distributions is attributed
to the limited time of measurement and becomes sta-
tistically symmetric. The pressure gradient along the
base plate is calculated for the identification of the ori-
entation bistable wake and illustrated in Fig. 4(b) in
terms of the vertical (CP8,2) and the horizontal (CP6,4)
base pressure gradient. The vertical pressure gradient
exhibits the characteristic shift that is consistent with
the time series of the pressure coefficients in Fig. 4(a)
and the velocity fluctuations of Fig. 3(b). The horizontal
pressure gradient CP6,4 remains nearly constant over the
entire measurement period, which confirms the vertical
orientation of the bi-stability.
In general, these outcomes are consistent with the results
of Grandemange et al. (2013a). The ground clearance is
large enough to provide enough momentum to suppress
flow separation at the ground and to form the char-
acteristic shape of the near-wake region illustrated by
Duell and George (1999). Based on the current results,
the preferred orientation of the bi-stability appears to
be governed by the model’s aspect ratio and therefore
occurs in the vertical direction in this study.
Conditional averaging based on the vertical pressure gra-
dient δCP /δz is applied to the PIV data. The snapshots
are sorted and averaged regarding the sign of the vertical
pressure gradient within the range of 0.02 ≤ |δCP /δz| ≤
0.17 (highlighted with gray bars in Fig. 4(b)).
The resulting vertical streamwise velocity fields are visu-
alized in Fig. 5(a) and (b). The conditionally averaged
velocity fields deviate from the mean velocity field by
an alternating dominance of the recirculation vortices
and the vertical shift of the free stagnation point. The
respective dominant vortex close to the model’s rear
end induces the low pressure footprint determined in
Fig. 4(a). Additionally, the velocity data obtained from
the cross-sections x/H = 0.57 and x/H = 0.86 are
conditionally averaged with reference to the vertical
pressure gradient (Fig. 5(c) and (d)). State A is selected
for the averaging process because it is over-presented
during the sampling time of the measurements. A pair

of counter-rotating streamwise vortices is detected at
the upper part of the velocity field of Fig. 5(c) , which
convects farther downstream while shifting downswards
(Fig. 5(d)). The downward deflection of the counter-
rotating vortices is induced by the dominant part of the
recirculation vortex identified in Fig. 5(a). These vor-
tices form a curved horseshoe- shaped vortex structure.
This dominant vortex system is reconstructed for state
A in Fig. 5(e). The obtained flow field agrees well with
the observations of Evrard et al. (2016).

4.1.2 Determination of the dominant modes

The frequency spectra illustrated in Fig. 3(c) and Fig.
4(c) indicate the presence of frequencies typically de-
termined downstream of a bluff body. Wake modes
as reported in the literature (e.g., vortex shedding at
StH = 0.18) are evident with minor deviations in the
frequency which are likely attributed to the different
model shape and boundary conditions. The height of
the GETS model H is defined as the geometric reference
length and characteristic length scale for dimensionless
quantities and hence the Strouhal number is defined
as StH = f ·H/U∞ = St. In order to reduce the dom-
inance of the bi-stability for the spectral analysis, a
second-order butterworth high-pass filter with a cut-
off frequency of 2 Hz is applied to the data for further
frequency analysis.
Table 1 illustrates the most dominant frequencies ex-
tracted from the frequency spectra computed at loca-
tions marked in Fig. 3(a). The selected locations repre-
sent the upper and lower cores of the recirculation torus
(S1 and S2 respectively), an arbitrarily-chosen location
in the shear layer S3, and the free stagnation point S4.
The extracted dominant frequencies are similar to the
values reported in literature. Additionally, a Strouhal
number of about St = 0.28 − 0.3 is found within the
shear layers.
Table 2 summarizes the general effects as classified in
literature, the related normalized frequencies, and the
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Table 1: Dominant frequencies extracted at characteristic locations within the wake (marked in Fig. 3(a))

pos Stu Stw Stv

S1 0.08, 0.18 0.08, 0.18
S2 0.11 0.18, 0.22 0.18
S3 0.22, 0.30 0.18, 0.22, 0.28 0.22
S4 0.05, 0.18 0.18, 0.27

spatial distribution of power in the streamwise direc-
tion Pu and vertical direction Pw. Shear layer modes
cover a wide range of frequencies. The St3 mode is the
most prominent in the current data set, which moti-
vates further investigations on that mode. The spatial
distribution of Pu and Pw provides general information
on the location and orientation of the respective phe-
nomena. The bi-stability (St ≈ 0) affects large coherent
areas whereas the higher frequency modes dominate

smaller isolated regions. Khalighi et al. (2001) assign
the Strouhal number of St1 = 0.08 either to the
alternating vortex shedding or to the wake pumping
that is attributed to the vortex isolation and downwash
from the free stagnation point. Larger amplitudes are
determined specifically at the upper shear layer, and
smaller amplitudes within the recirculation area and at
the free stagnation point. A distinct orientation cannot
be determined in these regions. The St2 mode represents
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Table 2: Classification of the most dominant wake effects, their characteristic frequencies, and the spatial occurrence in the vertical
and streamwise direction in the range: 0 ≤ x/H ≤ 1.4 and −0.55 ≤ x/H ≤ 0.55 (yellow color indicates larger amplitudes)

Terminology Strouhal number Spatial amplitude distribution
Pu Pw

bi-stability St0 = 0

wake pumping St1 = 0.08

vortex shedding St2 = 0.18

shear layer roll up St3 = 0.28

another frequency that is commonly allocated to the
interaction of the alternating vortex shedding at the
opposite rear edges. This effect becomes evident farther
downstream as reported by Khalighi et al. (2001). The
St3 mode also represents a shear layer mode near the
free stagnation point which mainly oscillates in vertical
direction.

Figure 6 visualizes the power spectra computed along
the vertical planes at x/H = 0.31, 0.74, and 1.0. Apart
from the St1 mode, the streamwise fluctuations of the
dominant modes occur predominantly within the shear
layers with increasing vertical extent when convecting
downstream, whereas the vertical fluctuations are lo-

cated within the center of the wake. The increased ex-
change of momentum from one velocity component to
the other is attributed to the dominant vortices within
the shear layers and the recirculation area, which are
regions of high Reynolds stresses (Fig. 3). An example
of the transition of the velocity fluctuations in regions of
large Reynolds shear stresses u′w′ is marked in Fig. 6.
The St1 mode is evident in the streamwise and vertical
direction over the entire wake with decreasing intensity
farther downstream, which indicates that the origin of
this mode is located within the shear layers. Khalighi
et al. (2012) determined a growth of the St2 mode with
increasing distance to the model, which appears as ver-
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tical oscillations within the shear layers and manifests
as intense vertical fluctuations near the free stagnation
point. The frequency fields of Fig. 6(a) are averaged
along the respective z-coordinate in Fig. 6(b) to visualize
the dominant frequencies in these cross-sections. Beside
the aforementioned dominant frequencies, another dom-
inant frequency at St = 0.13 is detected, which may be
associated with the alternating vortex shedding from
the opposite side edges. If the Strouhal number is de-
termined by the width of the model StW , it corresponds
well to the St2 mode: StW = f0.13W/U∞ ≈ St2.

4.1.3 Description of modal effects with the SPOD

The previous section discussed the complexity of the
wake dynamics downstream of the bluff body. Several
high-frequency dominant modes are manifested in differ-
ent regions of the model’s wake. The energetic content
of these modes is considerably small compared to the
energy of the bi-stability. Conditional averaging delivers
insufficient results for these modes due to their lower
energy content and spatially-dispersed occurrence as
listed in Table 2. Therefore, the SPOD is applied to
the velocity data to obtain a better identification of the
main dynamic features within the wake and their spatial
occurrence.
Figure 7(a) illustrates the temporal evolution of the
SPOD coefficient ai of the wake modes identified in
Sect. 4.1.2. The evolution of the SPOD coefficient of the
bi-stability (St0) follows the same trend as observed for
the velocity signals in Fig. 3(b). The distinct shift be-
tween two stable positions is detectable. Phase-averaged
velocity fields of the related mode-pairs are visualized
in Fig. 7(b). The contour visualizes the vorticity ωy.
The streamlines visualize the superposition of mean
flow and SPOD mode. The spatial characteristics of the
computed phase-averaged bi-stability agree well with
the velocity fields determined by conditional averaging
in Fig. 5. The vortex that dominates the recirculation
area dwells half a period on one stable position and
shifts after a unpredictable time period to the other
stable positions. The calculated energy content of the
bi-stability of K = 22.9% is an order of magnitude
larger than the content of the higher frequency modes
(K(St1) = 1.5%), which emphasizes the gap between
the bi-stability and the subsequent modes as well as the
difficulty for conditional averaging.
The temporal evolution of the SPOD mode coefficients
of the dominant coherent structures at the higher fre-
quencies of St1 - St3 are also plotted in Fig. 7(a). The
temporal behavior of these modes are linked to the bi-
stability. The SPOD mode coefficient of the St2 mode
becomes evident when the flow shifts from one sta-

ble position to the other. Otherwise, the oscillation is
dampened when the flow dwells in one of the bistable
positions. This effect indicates that the dominant wake
mode at St2 = 0.18 mainly occurs for a stabilized, tor-
ical recirculation vortex that is surrounded by similar
shear layers. The shear layer mode at a frequency of
St3 = 0.28 becomes evident when state A occurs. This
indicates that the upper shear layer roll-up is linked to
the dominant horseshoe vortex system of state A. The
temporal coefficient at the frequency of St1 = 0.08 ex-
hibits a random behavior with a barely noticeable trend
to state A. Based on these observations, the SPOD is
applied on the modified signals composed of segments
highlighted in Fig. 7(a). The SPOD for the St2 mode
is computed for measurement segments which repre-
sent a shift from one bistable state to the other. The
phase-averaged velocity fields of the St3 mode are cal-
culated for state A only. The St1 mode velocity fields
are calculated over the entire measurement signal. The
obtained phase-averaged velocity fields obtained from
the time-segmented velocity field data are visualized in
Fig. 7(b).

The so-called wake pumping mode at a frequency of
St1 = 0.08 exhibits a weak in-phase growth and shrink-
ing of the counter-rotating recirculation vortices, which
may be attributed to large regions of inverse vorticity
within the recirculation region. It can be speculate about
the presence of that wake pumping as described by Duell
and George (1999) or Volpe et al. (2015). In contrast
to this theory, the extent of the recirculation region
does not significantly change during one period and the
location of the free stagnation point is nearly unaffected.
The phase-averaged SPOD mode-pair at St2 highlights
the alternating vortex shedding as reported in literature.
Initially, the mode’s shear layer vorticity has the same
orientation, which indicates the alternation of the shear
layer effects. As a consequence, the free stagnation point
performs obvious vertical oscillations which are linked
to the size of the recirculation vortices. This vertical
oscillation is also detected in the spectra of Fig. 3(d).
The presence of the vertical fluctuations downstream of
the free stagnation point as mentioned by Khalighi et al.
(2012) is also detectable. The phase-averaged flow fields
of the SPOD mode at St = 0.28 show a variation of the
streamwise extent of the upper recirculation vortex. This
effect is attributed to an alternating in- and outward de-
flection of the upper shear layer affected by downstream
convecting vortices. Most of the recirculation area and
the lower shear layer remain largely unaffected by this
mode. An opposite effect at the lower shear layer may
be dampened due to the ground effect. However, the
entire mode may correspond to the alternating shear
layer separation from the opposite base edges, which
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Fig. 7: Results of the spectral POD: (a) the time evolution of the SPOD mode coefficients ai for the wake modes St0 − St3 and
(b) the visualization of the respective spatial modes during one period in terms of the phase averaged vorticity ω̃y

was first described by Duell and George (1999). Another
explanation may be the separation of vorticity from the
upper, lateral part of the horseshoe vortex of state A
visualized in Fig. 5.

In summary, the SPOD enables an educated insight
into the wake dynamics past the GETS model. The
link between the bi-stability and the subordinate wake
modes could be confirmed. It is noteworthy that the
strength of a certain coherent effect (the St2 mode in
this case) is linked to a higher order dominant effect.
This may be relevant for the application of flow control
intending the suppression of that dominant effect, as
often demonstrated for the bi-stability. The achievable
drag reduction may be reduced by an intensification of
another mode as observed by Li et al. (2016).

4.2 Global effects of flow control

The mean drag and base pressure coefficients (CD and
CP ), and the maximal proliferation of the recirculation
area xR/H are listed in Table 3 for the parameters in-
vestigated in the current study. As described by Schmidt
et al. (2015), the size of the recirculation area is closely
related to the rear base pressure for the applied flow
control method. A considerable drag reduction is achiev-
able for small flap angles (δ ≤ 15◦) without AFC, which
is attributed to the boat tailing effect that deflects the
freestream onto the flaps. The attached flow affects the
pressure recovery over the flaps. The flow completely
separates at the base edges of the model when the flap
angle increases beyond δ = 15◦. For large flap angles,
the shear layers are unaffected by the presence of the
base flaps, which induces typical baseline wake dynamics
and results in similar mean characteristics. The poten-
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Table 3: Characteristic mean values with and without flow control

baseline δ = 10◦ δ = 20◦
Cµ = 0% Cµ = 1.0% (StH = 17.0) Cµ = 0% Cµ = 2.5% (StH = 24.4)

CD 0.35 0.29 0.28 0.34 0.29
CP -0.36 -0.23 -0.21 -0.3 -0.09
xR/H 1 .32 1.23 1.20 1.29 0.88
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Fig. 8: Representative FTLE fields of: (a) the baseline configuration, and (b) for the different flow control configurations

tial benefits of small flap angles for AFC are limited
whereas larger flap angles require an inefficient level of
actuation to be effective.
For these flap angles, the mean flow field observations of
Schmidt et al. (2015) suggest no significant changes be-
yond a certain actuation level that is evidently the most
effective. Therefore, the selected momentum coefficients
represent the most effective Cµ for the respective flap
angles in terms of the net drag improvement (Schmidt
et al. (2015)). Figure 8 presents the distribution of the
finite-time Lyapunov exponent (FTLE) for the baseline
configuration and the investigated flow control config-
uration. The FTLE is commonly used to visualize the
trajectories of particles close to each other over a finite-
time span. In the context of this paper, it is solely used
to depict a representative visualization of the instanta-
neous flow field for the examined configurations. Dark
lines indicate a high convergence of neighboring par-
ticles (backward time FTLE). The FTLE field of the
baseline configuration (Fig. 8(a)) is dominated by the
typical shear layer vortex roll-up downstream of the flow
separation. These vortices convect downstream without
a significant decrease of their spatial expansion. A dis-
ordered occurrence of vortices of the same expansion
are detectable within the recirculation area, which indi-
cates that the dominant flow structures have a similar
intensity within the entire wake.
The FTLE fields of the flow control configurations visu-
alized in Fig. 8(b) exhibit various flow characteristics.
The flaps deflected at 10◦ with and without AFC yield
similar flow fields, which may be attributed to the mi-
nor actuation intensity required to achieve the optimal

AFC configuration. The inward deflected shear layer
vortices exhibit similar spatial expansion as detected
for the baseline configuration whereas the internal wake
appears less turbulent. The influence of the ground is
clearly visible for both configurations. For base flaps
deflected at 20◦ without AFC, shear layer conditions
are observed to be similar to the baseline configuration
due to the flow separation at the base edge. However,
a reduction of the vortex extent within the recircula-
tion is noticeable. The flow structures become more
organized and symmetric when actuation is applied to
the 20◦ deflected flaps with a momentum coefficient of
Cµ = 2.5%. The flow is deflected onto the base flaps,
which significantly decreases the wake size. Furthermore,
the wake appears narrower and less turbulent.

4.3 Flow dynamics of flow control

The current section addresses the transient effects of
passive flow control via base flaps as well as the com-
bination with active flow control by fluidic oscillators.
The respective flow control settings are summarized in
Table 3.
Based on the previous descriptions of Sect. 4.2, the flow
past the GETS model can be categorized into three
different flow states: (1) separated freestream with a
damping of the baseline modes due to the presence of the
base flaps (δ = 20◦, and Cµ = 0%), (2) re-attachment
on the minor deflected base flaps without or with minor
actuation intensity (δ = 10◦, Cµ = 0% and 1.0%), and
(3) the suppression of most of the typical wake modes
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by the additional ejection of higher momentum required
to deflect the flow onto the steeper flaps (δ = 20◦,
and Cµ = 2.5%). As shown in Tab. 3, the respective
oscillation frequencies are about two orders of magnitude
larger than the typical wake modes described in Sect.
4.1.2.
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Figure 9 visualizes the normalized velocity covariance
|u′w′|/U∞ for the selected flow control configurations.
Compared to the baseline configuration illustrated in
Fig. 3(a), a general reduction of the Reynolds stresses
is noticeable within the recirculation area. This effect
may be attributed to the presence of the flaps. The
shear layer vortices enhance the interaction between the
outer flow and the recirculation zone, thereby injecting
additional momentum into the wake. A downstream
delay of this mixing procedure away from the model’s
base leads to an increase in base pressure (Tab. 3). The
wake structures as visualized by the FTLE fields of Fig.
8(a) are related to the superimposition of the dominant
wake modes described in Sect. 4.1. Figure 8(b) demon-
strates the reduced intensity of the coherent structures
within the recirculation region, which agrees well with
the Reynolds stresses (Fig. 9). The configuration with
base flaps at δ = 20◦ without AFC exhibits high levels
of turbulent fluctuation within the shear layers, which
is consistent with the baseline configuration shown in
Fig. 3(a). The size of the recirculation area (dashed
line) has a similar extend. A significant reduction of
the Reynolds stresses is observed for the flow states
(2) and (3) at which the flow (re-)attaches onto the
base flaps. A further reduction in turbulence intensity
is obtained when AFC is enabled. The required momen-
tum ejected by the oscillators increases with flap angle
(Schmidt et al. (2015)). Hence, the additional input of
momentum affects the shear layers farther downstream

and increases the symmetry between upper and lower
shear layer. A further inward deflection of the flow is
achieved by the larger flap angle, which results in a
decrease in Reynolds stresses.
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The vertical base pressure gradient δCP /δz of the δ =
20◦, Cµ = 0% configuration exhibits a vertical switching
motion (Fig. 10(a)) that is similar to the baseline config-
uration without any flaps (Fig. 4 and Fig. 5). Also, the
horizontal pressure gradient remains unaffected. This
indicates that the bi-stability is also evident when flaps
are attached. However, this behavior is significantly
dampened. The reduced footprint may be attributed to
the downstream shift of the shear layer mixing and the
larger distance to the pressure sensors. Again, condi-
tional averaging based on the vertical pressure gradient
is attempted and visualized in Fig. 10. State B is rep-
resented by 68% of the PIV snapshots whereas state
A is underrepresented by 16% of the recorded images.
However, the main formation of the vortex system is
observed. The alternating dominance of one of the re-
circulation vortices is similar to the bistable flow effect
of the baseline configuration. The dominant part of the
recirculation extents upstream into the cavity. The outer
flow circulates around the respective flap’s trailing edge
and feeds the dominant structure. Evrard et al. (2016)
obtained a stabilization of the wake for normalized flap
lengths larger than lflap/H ≈ 0.24 for a bluff body with
an aspect ratio of H/W = 0.85. According to the in-
verse orientation of the bi-stability in this study, the
associated reference length for the comparison is the
width of the GETS model W . The normalized cavity
size of the model is lflap/W ≈ 0.34, which is larger than
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determined by Evrard et al. (2016). The presence of the
bi-stability for that flap length may be attributed to the
large flap deflection angle δ and the step between trail-
ing edge and flap, shown in Fig. 1(a). This particular
design may facilitate the development of baseline shear
layers which are less affected by the flaps.
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Figure 11 visualizes the integrated power spectral den-
sity (P ) along the z-coordinate at different streamwise
positions as calculated in Fig. 6(b). A lower frequency
mode at a Strouhal number of St ≈ 0.06−0.07 occurs
when the actuation is disabled with increasing intensity
farther downstream. However, this frequency may also
be attributed to the wake pumping / shear layer effect
described by Duell and George (1999). The shift to lower
frequencies may be attributed to a partial suppression
of the interaction between recirculation area and the
separated shear layer vortices. The St2 and St3 modes
are detectable for the passive flow control configurations
but play an inferior role in terms of the total power.
For the active flow control configurations, the St2 and
St3 modes mostly disappear. The St1 mode is clearly
detectable for the configurations with enabled AFC
whereas the entire frequency band is significantly damp-
ened for the higher momentum coefficient of Cµ = 2.5%.
This behavior summarizes the impact that AFC has
on the bluff body wake dynamics. The additional mo-
mentum of the AFC deflects the flow onto the flaps
which diverts the direction of the shear layers inward
and inhibits the alternating vortex shedding. The pres-
ence of the St1 mode as the predominantly detectable

wake mode for the AFC configurations motivates fur-
ther investigations regarding its spatial characteristics.
Therefore, the SPOD is applied to the AFC configura-
tions to determine the phase-averaged velocity fields of
the respective SPOD mode pair. Figure 12 visualizes
the phase-averaged velocity fields of the related SPOD
mode for both AFC configurations. The relative energy
of the St1-SPOD mode at a flap angle of δ = 10◦ and
Cµ = 1.0% is K = 5.69% and decreases to K = 2.02%
for δ = 20◦, Cµ = 2.5%. The relative increase in energy
K compared to the baseline configuration is attributed
to the absence of the bi-stability. The applied momen-
tum at a flap angle of δ = 10◦ cannot suppress the
asymmetry due to the ground effect. The larger momen-
tum coefficient of Cµ = 2.5% at the 20◦ deflected flaps
balances the upper and lower shear layer, as observed in
Fig. 9. A vertical shift of the free stagnation point is de-
tectable for δ = 10◦, which remains at a nearly constant
location for δ = 20◦. However, the general dynamics of
the phase-averaged velocity fields reveal similar effects
for both flap angles. The vorticity of the opposite shear
layers is in phase whereas the recirculation area as well
as the far field is dominated by inverse vorticity. Both
modes may be attributed to the same underlying shear
layer dynamics.

5 Conclusion

The wake dynamics of a bluff body model equipped
with base flaps and fluidic oscillators for drag reduction
are examined through wind tunnel experiments. The
flow dynamics in the wake of the baseline configuration,
and for selected passive and active flow control con-
figurations are assessed. Stereoscopic high-speed PIV
data and time-resolved pressure measurements are used
to perform conditional averaging and spectral analysis.
Furthermore, the Spectral POD method is employed on
the time-resolved velocity data.
The test conditions and the model geometry promote
the occurrence of the long-time wake shift between two
stable positions, which has been reported in several
studies. However, in the current study the bi-stability
occurs in the vertical direction instead of the reported
horizontal direction at an Ahmed body, which is due
to the height of the model being larger than its width.
The vertical pressure gradient at the model base is
utilized for conditional averaging to illustrate the spatial
development of the main vortex systems. The SPOD
identified similar trends for the bi-stability.
The spatial development of the high-frequency modes,
which are the wake pumping frequency at St1 = 0.08,
the shear layer interaction at St2 = 0.18, and the upper
shear layer mode at St3 = 0.28, is also visualized. The
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estimated energy content is an order of magnitude lower
than the energy content of the bi-stability. The time evo-
lutions of the SPOD coefficients illustrate a connection
to the bi-stability. The St2 mode occurs when the wake
tends to the symmetric position and the St3 mode is
most apparent at bistable state A whereas the St1 mode
does not show a significant connection to the bi-stability.
Phase-averaged flow fields are calculated for the time
periods they become apparent for. The St1 and St2
mode affect large regions within the wake whereas the
St3 represents an upper shear layer mode.
The application of flow control significantly changes
the wake dynamics. Large flap angles without AFC
lead to flow separation and the occurrence of typical
baseline wake modes, however with a dampened bi-
stability mode. Conditional averaging reveals similar
bistable flow dynamics as determined for the baseline
configuration. The St2 and St3 modes are dampened by
the presence of the base flaps and disappear when AFC
is applied in addition. The St1 mode occurs for all flow
control cases with a minor shift to a lower frequency for
the passive flow control. The phase-averaged flow fields
for the AFC configurations demonstrate that similar
dynamics occur within the respective limitation.
Overall, this study demonstrates that the aerodynamic
drag is directly linked to the coherent wake dynamics
and their energetic content. Base flaps and active flow
control reduce the impact of these structures and in-
crease the rear base pressure. The connection between
bluff body drag and the different wake modes may be
considered for more effective and efficient flow control
approaches.
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Chapter 5 | Concluding Discussion

A concluding discussion of the Publications I, II, and III is presented in this chapter. First, the experimental
challenges are described and discussed in Section 5.1. Then, the results of the publications are evaluated
in Section 5.2, followed by a brief discussion of the shortcomings in Section 5.3. Finally, the potential
improvements of the test rigs and future research directions are described in Section 5.4.

5.1 Challenges of AFC in air and water

The application of AFC for separation control on bluff bodies is affected by several critical challenges.
These challenges will be described in the present section with regard to the current flow control experi-
ments.
The pressurized fluid (i.e., water or air) for the internal AFC system is provided by an external source. The
external supply has its advantages (e.g., easy implementation of constant supply rate over an appropriate
time-period or the external control of the volume flow rate), but also contains disadvantages such as
having a supply hose that needs to be guided into the model. The main supply hose represents a direct
connection between model and mounting and may distort the force measurements. Hose forces occur
due to the internal pressure variations and the impinging freestream. Both effects are difficult to gauge
experimentally as well as theoretically. Strategies for the detection of these hose forces and assumptions
to simply avoid them are illustrated in Section 5.1.1. The equipment for the control of the volume flow
rate for the AFC differs for water and air. The utilized systems are reiterated in Section 5.1.2. A first
step for the efficiency evaluation of an AFC method is the determination of the net drag which requires a
reliable determination of the momentum produced by the oscillators. Section 5.1.3 briefly describes the
applied methods for the net drag determination.

5.1.1 Hose forces

The presented separation control experiments focus on the feasibility of combining passive flow control
with an active flow control component, in particular the conjunction of fluidic oscillators and base flaps.
The effectiveness is estimated by the net drag improvement, which requires the accurate measurement
of the aerodynamic drag. Therefore, the influence of the supply hose requires additional considerations
because of the distortion of the drag force measurement. Hose forces up to 50% of the estimated thrust
are measured in water. Possible approaches to correct or even prevent hose forces are: (1) an iterative
alignment process of the main pressure hose so that it does not contribute to any drag forces when
pressurized, (2) an additional calibration that covers the non-linear impact of the hose and the internal
pressure level, or (3) a jet tare method that directly assumes the net drag values. These methods are briefly
described in the following paragraphs.

Hose alignment

The drag values presented in Publication I and III are recorded with the external wind tunnel balance
located underneath the first measurement section. The struts, which connect the model to the balance,
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are covered by a streamlined wind shield that also guides the main supply hose for AFC into the model.
Generally, the supply hose can be attached to the mounting struts as long as its external portion does
not generate additional forces onto the struts which are measurable by the balance. The internal tubing,
which is connected to the oscillators, is short-circuited to prevent additional thrust forces generated by
the jets. The position and alignment of the external part of the supply hose is varied (e.g., rigid or loose
connections) while the entire supply system is pressurized and depressurized alternately, and the resulting
forces are monitored. A force-free external alignment is required, but it is practically not feasible. Finally,
the hose is loosely aligned in a large loop perpendicular to the freestream direction, which generates small
streamwise forces compared to the lift and side force. The master’s thesis of Stumper [83] provides further
information about this approach and the influence of the hose position.

Calibration

The calibration method is an approach to obtain useable force data despite the occurrence of supply hose
effects. This method comprises an external force calibration with the entire model and AFC system.
The calibration covers both influencing factors, which are the pressure within the AFC system and any
pre-tensions within the vertical supply hose connection. Their causes are related to different effects which
can be described as following: One effect is attributed to the volume flow rate through the AFC system
and the respective internal pressure change which may produce a deformation of the tube. These tube
forces are independent of the inflow conditions. The other effect is attributed to the presence of the
supply hose itself. The hose represents a force-type connection between model and mounting which is
responsible for large deviations between measured and effective forces. This structural distortion directly
depends on the effective force (net drag) acting on the model. Both effects are expected to be strongly
non-linear.
The calibration of the entire model is performed for the measurement campaign of Publication II. The
GETS model is mounted via the four internal balances to the vertical framework which is attached to
the towing carriage. The supply tube is connected, and the internal pressure tubing is short-circuited.
Predefined external loads, which represent the effective drag Fapplied, and different supply pressure levels
UP (voltage of the pressure transducer visualized) are applied to the model. A pulley system is utilized
to generate the reference forces in drag direction by simply attaching well-defined weights to a rope
(see Publication II, Figure 3). The resulting forces UF , which contain the distortion of the supply hose,
are determined by the internal balances. The relation between UF , UP, and Fapplied is used to correct
the experimentally determined drag values. Figure 5.1(a) visualizes the calibration matrix and a simple
linear regression of the data points. The relative deviation between the regression curve and the applied
reference forces (Fapplied − F f it)/F f it is shown in Figure 5.1(b). This relative error decreases with UF and
becomes less than 0.5% for UF > 2V . Varying the pressure for UF > 2V has virtually no effect on the
data as all measured points for distinct values of UF collapse onto each other. Hence, the influence of the
internal pressure is negligible for those values. However, it has to be noted that a local (piecewise) linear
interpolation is better suited for the hose force correction rather than a simple linear regression in order to
resolve possible non-linear effects. Figure 5.1(c) visualizes the effect of this correction method for an
exemplary test run with a flap configuration of δ = 15◦, l f lap = 100 mm. Using this calibration method
results in a reasonable reduction of the scatter between the different Reynolds numbers which emphasizes
the suitability of the calibration method. The calibration is required each time the tube is connected to the
model. However, it is recommended to repeat the calibration prior and after each experiment because the
supply hose may also adjust itself due to the mechanical stresses during the experiments. A comprehensive
description of this method is provided by the master’s thesis of Church [84]. This method is preferred if the
internal supply pressure is measurable and the balances are located within the model. The reliability of
this approach strongly depends on the resolution of the calibration matrix. The comparison of the towing
tank and the wind tunnel results reveal good agreement between both methods, (1) the hose alignment and
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(2) the calibration method (Figure 5.2), as already shown in Publication II.
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Figure 5.1 Drag correction with AFC: (a) the linear fit based on the applied external loads, (b) the relative
deviation between the fitting and the calibration values, and (c) the effect of the correction on the net drag for a
flap angle of δ = 15◦ and a flap length of l f lap = 100 mm

Jet tare method

Another approach for the determination of the drag forces, distorted by the presence of a supply hose,
is the jet tare method. This method addresses the direct acquisition of the net drag forces FD + Fµ. The
measurement procedure contains two steps which have to be repeated each time the mass flow rate is
changed: a reference tare measurement without freestream, which takes the internal hose forces and a
mayor amount of the actuators’ thrust into account, and the repetition of this measurement with enabled
freestream. As long as the volume flow rate through the AFC system is kept constant, measurements
at various Reynolds numbers are applicable without another reference measurement. The advantage
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Figure 5.2 Relative net drag changes based on the different hose force correction methods recorded in the wind
tunnel and the water towing tank for a flap angle of δ = 20◦ and a flap length of 100 mm
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of this method is the simple and fast acquisition of the net drag values with no further attention to the
hose alignment or the utilization of an entire calibration. However, this method does not take the hose’s
force-type connection into account which generates additional distortions depending on the effective drag.
Additionally, the measured thrust at quiescent conditions does not necessarily represent the effective thrust
exerted by the wind tunnel model at non-quiescent conditions. For example, the thrust exerted by the
presence of the deflected flaps is not been fully recovered. A more important point at wind-off conditions
is the decrease of the rear end pressure and therefore a reduction of the measured thrust which is attributed
to the circumferentially distributed jets at the model’s rear end generating somewhat a recirculating flow
downstream of the model (as described later in Section 5.1.3). This deficit causes the discrepancies in the
net drag which are shown in Figure 5.2 especially for large momentum coefficients Cµ.

5.1.2 Methods of mass flow control

The validity of the results obtained with active flow control depends on the accuracy of the control
parameters; in this study it is primarily the mass flow rate through the AFC system. Most of the available
mass flow controllers cannot handle both working fluids, air and water, or cause large internal pressure
losses. Additionally, the different material properties (see Table 2.1) cause substantially different supply
rates. The required mass flow rate in water is by a factor of 61.7 larger than that of air for identical
momentum coefficients and Reynolds numbers. These circumstances result in different mass flow control
methods utilized for the experiments in water and air.
The mass flow for the AFC experiments of Publications I and III is provided by a digital mass flow meter
and controller (EL-FLOW series by Bronckhorst) that consists of a thermal mass flow sensor and a control
valve. The mass flow rates are computer-controlled and adjustable up to a maximum value of 100 kg/h,
which corresponds to a momentum coefficient of Cµ ≈ 10% (for the larger oscillator spacing), having
an accuracy better than ±1% full-scale. The mass flow control system is part of a pipe system which
contains a filter system, valves, and multiple access points to connect the in-house pressure supply and
the main hose for the AFC system. A seeding generator can be integrated into that system (e.g., for flow
visualization or PIV measurements with the focus on jet flow).
The supply for the AFC experiments in water, as described in Publication II, contains a centrifugal pump
that generates a constant volume flow rate of water through a regulation system. The suction side of the
pump, which is a Lowara 3HM06P with a maximum flow rate of 2.6 m3/h, is submerged in the towing
tank downstream the GETS model. The regulation system contains a connection to the AFC system and
a bypass tubing to redirect the unused fluid back into the towing tank. The flow rate through the AFC
system and the bypass tube is adjusted by two ball valves, whereas the volume flow rate for the AFC
system is determined by a float-type flow meter (rotameter Type 700 FS with applicable volume flow
rates between 0.25 and 2.5 m3/h) connected to the supply tube. Its precision (1.87% relative error and a
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0.625% full-scale error) is documented by the VDI/VDE guidance 3513 page 2. However, the accuracy
of this method depends on the precision of the manual adjustment and visual judgement of the volume
flow through the flow meter. To quantify and, if needed, correct for these read-off errors, the relation
between the adjusted mass flow rates ṁ and the respective pressure levels within the actuation system
UP is determined statistically by a second degree polynomial regression based on all measurements
(Figure 5.3). The regression curve allows the determination of the volume flow rate through the AFC
system based on the internal pressure level UP. Figure 5.3 (small window) illustrates the effect of the
correction in detail for a desired mass flow rate of ṁ = 1750 kg/h. The correction leads to a maximum
rectification of the mass flow rate of approximately 50 kg/h (a deviation of approximately 2.8%) which
corresponds to the error given by the norm. Thus, the correction of the mass flow may be an appropriate
method to increase the accuracy of the momentum coefficient Cµ and is therefore utilized in the data
analysis of Publication II.

5.1.3 Calibration of thrust

Throughout this work, several approaches for the determination of the thrust are considered for the
oscillators integrated into the GETS model. The determination of the oscillators’ momentum is essential
for the reliable quantification of the actuation’s effectiveness (CD + Cµ) and its efficiency. Apart from
directly measuring the net drag forces via the jet tare method (as described in Section 5.1.1), the momentum
coefficient has to be determined experimentally or estimated theoretically. Both methods are challenging.
For example, an oscillating jet emits a portion of its thrust in lateral direction, which reduces the effective
momentum in centerline direction. This effect is covered by the experiments but requires further attention
for the theoretical consideration. Otherwise the thrust measurements on the GETS model comprises
several challenges especially when using air as working fluid. The thrust force produced by the jets is
comparably small in relation to the bluff body’s drag. On one hand, balances with a smaller full-scale
range are required to reduce the measurement uncertainties. On the other hand, the ever-present hose
forces substantially impede these sensitive force measurements. Additionally, the jets induce a reduction
of the rear end surface pressure due to entrainment effects and the generation of somewhat a recirculating
flow downstream the model’s base. The pressure induced reduction of the measured thrust force occurs
especially when using air as working fluid (see Publication I). Potential improvements for the thrust
determination, such as a decoupled covering plate located adjacent to the orifices or an optimized hose
alignment, may reduce these sources of error. Publication II describes the different options for the
experimental determination of the thrust. Measuring the jet thrust of water expelling into air is the most
promising method, due to the density-related increase in thrust force F jet = V̇ρU jet (where V̇ represents
the volume flow rate, ρ the density, and U jet the bulk jet velocity). The calibration method as described in
Section 5.1.1 turned out to be suitable for the thrust measurements as well. Therefore, the pulley system
is attached to the front of the model and loaded with reference weights while the short-circuited AFC
system is pressurized incrementally.
The analytical determination of the momentum depends on the quality of the underlying assumptions of
an oscillating jet, as briefly discussed in Publication II. A fast and simple approach is the assumption
of a straight top-hat profile. This approach is utilized for the net drag estimation in several publications
(e.g., Woszidlo and Wygnanski [51]) as well as, to be consistent, in the publications listed in Chapter 4.
Taking the spatial oscillation into account and assuming that the projected outlet area depends on the jet’s
deflection angle, the thrust is identical to the straight jet due to the conservation of mass. The consideration
of more realistic velocity profiles, such as the parabolic Hagen-Poiseuille velocity distribution, increases
the magnitude of the calculated thrust due to the increased jet velocity at the center of the jets, as described
in Publication II. That indicates that the validity of the momentum coefficient strongly depends on the
jet’s velocity profile. Thus, the spatially and temporally high resolved, three-dimensional velocity field at
the external nozzle of an oscillator may provide the base for a realistic prediction of the momentum.
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5.2 Discussion of the results

A generic bluff body model with the geometrical dimensions similar to a truck-trailer combination is
experimentally investigated in a wind tunnel and a water towing tank. The effect of passive and active
separation control methods is examined on that model. The related publications listed in Chapter 4 can be
summarized as follows:

• Publication I focuses on the applicability of flow control in a wind tunnel campaign. The experiments
contain an extensive parameter study that aims on showing the feasibility of the flow control approach.

• Publication II analyzes the results of the towing tank experiments. The model and the flow control
methods are adapted to document the feasibility and validity of the experiments in water. Additionally,
the oscillator scaling and possible limitations are illustrated.

• Publication III focuses on the unsteady wake dynamics. The velocity field data are captured with a
high-speed stereo PIV system. The influence of AFC on the dominant wake modes is described.

In recent years, it was demonstrated that fluidic oscillators are effective and efficient separation control
devices due to the generation of a sweeping jet that is solely based on the internal design. It seems
reasonable to conclude that fluidic oscillators may also be beneficial to improve the wake flow field of a
bluff body equipped with inward-angled base flaps. The results of Publication I demonstrate that the flow
control approach achieves a substantial drag reduction; however, the obtained benefits in net drag are at
best comparable to other bluff body separation control approaches. The first wind tunnel study focuses on
the general feasibility of the approach of combining base flaps and fluidic oscillators. The shape of the
bluff body model is chosen to be simple and fundamental, the geometry of the fluidic oscillators is a basic
design that leaves much room for optimization, and the base flap parameters are coarsely modulated. To
be efficient with that approach, ongoing design studies based on the outcomes of Publication I have to
be pursued, as briefly described in Section 5.4. The effectiveness of the flow control approach generally
correlates with both, the passive and the active flow control, which requires a careful balancing of all
parameters.
The impact of the flap length is universally valid. A certain flap length is required to completely deflect
and reattach the flow onto the flaps. A further increase beyond that flap length generates insignificant
additional drag improvements because the fully deflected flow requires no further guiding to recover the
pressure. In fact, the constriction of the recirculation area by the deflected shear layers is similar for the
investigated flap lengths (Publication I, Figure 9). In summary, the flap length has to be increased as much
as possible, but in compliance with the legislation and practical requirements, it is often restricted.
The required momentum to prevent the freestream from separating at the base edges increases with
the flap angle. Therefore, the flow control quickly becomes inefficient at large flap angles. Two flow
mechanical effects may also limit the effectiveness at large flap angles. Due to the oscillators’ orientation
in streamwise direction, an overshoot is observable for large momentum coefficients, as determined in
Publication I, Figure 17. This overshoot may inhibit the inward deflection to the flaps and affects the
separation between the recirculation area and the freestream that increases the wake size. The second
flow-induced limitation at large flap angles is attributed to the presence of the opposite shear layers. The
inward directed momentum pushes the opposite shear layer outwards and negates the effect of the flaps.
As aforementioned, a careful balance between an increased deflection angle at moderate momentum
coefficient is required to be efficient with additional attention to the flow mechanics.
The oscillator spacing represents another important parameter in terms of the efficacy. As it is documented
in Publication I, the mass flow rate, which is required to achieve a certain velocity ratio, decreases with
increasing spacing. Therefore, the energetic effort decreases. The spacing between adjacent oscillators is
not considered in detail. It can be assumed that as long as the jets energize the counter-rotating streamwise
vortices to cover the entire flap surfaces, the actuation remains effective. The velocity ratio as a scale
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for the efficiency (a ratio of 4.5 is assumed for top-hat jet profiles) is valid for these flow conditions.
However, a further increase in spacing beyond a certain critical distance may cause a break-down of this
effect. This limitation is attributed either to compressibility effects due to the increased jet velocities or
the lacking capability of the counter-rotating vortices to maintain an overall freestream deflection onto the
flaps. The influence of compressibility effects on the current flow control method has not been sufficiently
investigated so far. Additionally, the oscillator size has to be taken into account for that discussion.
The wind tunnel experiments discussed in Publication I demonstrate the technical feasibility of the drag
reduction approach. The documented governing trends can be utilized to increase the performance of this
flow control approach. In case of the current project, these results serve as a data base for the investigations
in the water towing tank. The feasibility of separation control experiments on a bluff body model in water
and the comparability of the obtained results are documented in Publication II, whereas the parameter
space considered in water is reduced. The flap length is set to l f lap = 100 mm in order to achieve a fully
attached flow on the flaps ensuring an effective flow control operation. The effect of cavitation as limiting
factor for the separation control is also examined; therefore the larger spacing is applied to the towing
tank model (i.e., 28 oscillators distributed around the base), which is also the more beneficial spacing.
Cavitation is localized visually using a high-speed camera. Regions of high vorticity especially next to
the external jet are affected by cavitation (Publication II, Figure 6). If the jet is bent to either side of the
divergent part of the nozzle, the pressure decreases due to the local radial pressure gradient and causes
the emergence of cavitating vortices as described by Franc and Michel [67]. The absence of cavitation
within the oscillators (at least in the examined range of mass flow rates) is attributed to the large internal
pressure. Even in the presence of cavitation the oscillation remains continuous leading to the conclusion
that external cavitation insignificantly changes the effectiveness of AFC. The effect of cavitation on the
separation control experiments is not measurable. Cavitation can also be determined by hydrophone
measurements downstream of the nozzle. Due to its simplicity, this method is suitable for towing tank
experiments.
The hose force calibration method as described in Section 5.1.1 is used to correct the data acquired in the
towing tank. As emphasized by Figure 5.1 (c), this method results in an obvious homogenization of the
drag force data. The calibration method qualifies itself to be utilized for the separation control experiments
in the wind tunnel as well as for the thrust determination with water as working fluid. However, the
expected forces in these cases are much smaller than the net drag forces determined in the towing tank
which increases the demands on a precise calibration matrix. The thrust measured with water in air is
approximately 10-20% larger than the theoretically estimated thrust force (Publication II, Figure 9). These
results are validated by the jet force estimates carried out by Ostermann et al. [85] for a similar oscillator
geometry. Therefore, the assumption of a top hat velocity profile turned out to be a conservative estimation
of the thrust and hence it is not valid as this approximation was utilized in Publication I. To be consistent
throughout this work, the assumption of a top hat velocity profile is also used in Publication II and III.
The current flow control approach is governed by the velocity ratio U jet/U∞ that depends on the base flap
angle (Publication I, Figure 20). As described in Section 2.3.1, the jet velocity U jet and the freestream
velocity U∞ merely scale with the kinematic viscosity when keeping the Reynolds number constant. If
the working fluid is changed to water, both values decrease by a factor of approximately 15. On the other
hand, the oscillation frequency of the actuators scales linearly with the jet velocity independent of using
air or water (Publication II, Figure 5). This simple relation comprises that the ratio of the frequencies
scales identical to the velocity ratio U jet/U∞ at incompressible conditions. Therefore, the governing flow
control parameters and additionally the oscillator properties can be transferred between water and air.
Woszidlo and Wygnanski [51] indicate that the effectiveness of the jets does not depend on the sweeping
frequency at considerably high oscillation frequencies. Hotwire measurements downstream the GETS
model’s orifices document a maximum oscillation frequency of up to 2.5 kHz in air which is more than
one order of magnitude larger than the typical wake modes reported in Publication III. As an example, an
increase of the oscillator spacing while keeping the momentum coefficient constant increases the jet’s
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velocity and therefore its oscillation frequency. The underlying effects, which makes this kind of actuation
beneficial, do not significantly change as documented in Publication I.
Publication III focuses on the identification of the dominant wake modes and their spatial behavior.
The velocity field is captured by a high-speed stereoscopic PIV system. The obtained results provide a
comprehensive data base to validate future time-resolved measurements in the towing tank. The velocity
field data are analyzed by different evaluation methods (i.e., frequency analysis, conditional averaging,
and spectral proper orthogonal decomposition (SPOD)). The results of the different evaluation methods
exhibit good agreement. A bistable shifting motion in vertical direction is determined which is directly
coupled to the model’s aspect ratio. Several characteristic frequencies are identified by the different
post-processing methods. These frequencies compare to wake modes for similar models as documented in
the literature. A coupling between the bi-stability and the high-frequency modes is observed. The mode
coupling indicates that the absence of the bi-stability (e.g., caused by a changed ground clearance, or
model’s aspect ratio) may increase the intensity of a certain high-frequency mode. A damping of the
bi-stability is achieved when the flow, affected by the separation control, re-attaches on the base flaps.
The reduction of the high-energetic, large-scale shifting motion may potentially increase the stability of
a truck. The presence of the flaps without a significant effect on the flow just dampens the bi-stability
without any drag improvements. The towing tank provides ideal test conditions for the investigation
of temporal effects at high Reynolds numbers. It is demonstrated, that the velocity fields recorded in
the water towing tank compare well to those obtained from the wind tunnel campaign, as visualized in
Publication II (Figure 14). The reduced time scales in water may increase the measurement accuracy
of the force and pressure sensors focusing on the temporal flow effects. The necessary frame rate of a
potential high-speed underwater PIV also decreases significantly.

5.3 Shortcomings of presented work

A critical assessment of the experimental methods employed in Publications I, II, and III is provided
by the current section. If the presented experiments were to be repeated in the future, the measurement
techniques and the test rigs should be improved as described hereafter.

Measurement techniques

The aerodynamic forces as well as the surface pressure distribution on the flaps and the base plate are
captured in conjunction with extensive velocity field measurements using particle image velocimetry.
The coarse spatial resolution of pressure tap distribution has to be refined. The current surface pressure
measurements provide an appropriate insight into the flow mechanics of the different configurations.
However, the detailed localization of specific flow effects (e.g., reattachment or detachment over the base
flaps or detailed wake structure footprints on the rear plate) may be optimized by a refined resolution
of the pressure taps. Additional pressure taps have to be added sideways on the base flaps to cover
three-dimensional effects. The PIV setup has to be optimized regarding the alignment of its components
in the wind tunnel. The downstream positioning of the light sheet optics or the application of transparent
base flaps to the model (e.g., made from acrylic glass) enable a detailed examination of the flow field
within the cavity. The downstream position of the optics allows the simplified examination of horizontal
planes. The cameras of the high-speed PIV system are able to capture a limited number of snapshots
which justifies additional hot wire measurement complementary to the PIV measurements. The hot wire
measurements can be utilized for the precise determination of characteristic frequencies within the flow
field and to validate the results of time-resolved PIV and pressure measurements. The hot wire signals can
also be utilized as reference signals for phase-averaging or conditional averaging methods. In summary,
the spatial and temporal resolution of the wind tunnel measurements have to be improved to achieve a
better understanding of the flow dynamics downstream of the GETS model.
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The experiments in the water towing tank are conducted with the same model at comparable flow
control parameters. The utilized measurement techniques are the same, and therefore, the wind tunnel
shortcomings apply as well for the towing tank model. Additionally, the reference pressure obtained
from the enclosure on the towing carriage may be influenced by the freestream velocity. The application
of absolute pressure sensors may reduce this impact. Waterproof pressure sensors require no further
sealing with epoxy casting resin. The underwater PIV leaves room for geometric optimization to facilitate
higher freestream velocities. Due to structural vibrations attributed to flow separation at the PIV housing
and the associated mounting struts, the freestream velocity is limited to 2 m/s in this work. Possible
improvements are symmetric camera sections and streamlined mounting struts. The distance and therefore
the relative angle between the cameras is fairly small (see Figure 3.4) which may decrease the accuracy of
the reconstructed out-of-plane velocity component. Therefore, the calibration procedure in the water tank
requires special attention and needs to be as accurate as possible (e.g., by using a multi-level target). To
capture vertical or horizontal streamwise sections, the location and the alignment of the light sheet optics
as well as the cameras have to be modified with the addition of respective acrylic glass housings as cover
and for a planar optical access through the water surface. The design of the internal mounting of the bluff
body model is realized with four balances, which automatically cause internal preloads. This method can
be optimized (e.g., by a single balance with a larger connection plate or several balances in combination
with bearings as described by Glas [86]).

Model and mounting

The mountings of the wind tunnel and the towing tank model are different. The portion of the mounting
that is exposed to the freestream is designed to cause minor disturbances to the freestream; however,
its influence on the flow and the AFC is not investigated so far. Besides manufacturing requirements,
the design of the mounting depends on the method of capturing the forces, internally or externally. The
streamlined mounting in the wind tunnel is decoupled from the model and fixed to the wind tunnel ground.
It merely represents a decoupled guiding for the struts and the supply hose into the model. The cables for
the force and pressure sensors as well as the AFC supply hoses of the towing tank model are attached
to the framework which represents the connection between model and towing carriage. This framework
and therefore the attached cables and hoses are directly exposed to the freestream and cause additional
disturbances within the flow. A housing for the vertical mounting in the towing tank may reduce these
disturbances and possible flow induced vibrations. Another geometric shortcoming represents the step
between model’s trailing edge and the flaps. This discontinuity of the model shape is attributed to the
incorporation of the oscillators into the model. The step may reduce the effectiveness of the current flow
control approach and should be replaced by a base flap section that incorporates the orifices into the flaps.

5.4 Future work

A typical side effect of scientific studies is the occurrence of numerous ongoing project ideas. The present
section briefly illustrates several of these ideas. Future studies based on the current project and related
research projects are outlined which may inspire other researchers as well.

Test procedure and model optimization

As marked in Section 5.3, the detailed experimental investigation of specific flow features has to be pursued
(e.g., the corner effects at the base flaps and the influence of the front radius). These investigations address
three-dimensional effects. As a first step in this direction, flow visualization with tufts, dye, or paint may
contribute to a qualitative overview of these effects. Water as working fluid provides beneficial conditions
for visualization with dye. The next step will be the determination of the time-resolved, three-dimensional
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flow field behavior captured by extensive high-speed PIV measurements. The results of the time-resolved
wind tunnel measurements should be validated in the towing tank that offers beneficial conditions for
these investigations. A high-speed upgrade of the underwater PIV system is required for that purpose.
The investigation of ground effects represents another important topic in the field of bluff body aero-
dynamics. The effect of a stationary ground at different ground clearances on the time-averaged and
time-resolved velocity field has to be examined in the wind tunnel. As a continuation of these experiments,
the influence of the ground effect has to be further investigated by changing the boundary conditions. The
ground effect realized by a moving belt in the wind tunnel and by towing tank test with a flat ground (as
visualized in Figure 5.5(a)) has to be investigated. These studies should also focus on the blockage effects.
With regards to the vehicle aerodynamics, the level of geometric details of the bluff body model can be
incrementally increased by the addition of specific features and add-ons (e.g., side mirrors, gap between
truck trailer, wheels, or side skirts). The effect of these modifications and design improvements on the
overall drag and the effectiveness of the flow control can be quantified. Variations of the model geometry
(e.g., the influence of the aspect ratio on the bistabe wake dynamics) may be of interest for fundamental
studies and thus experiments focusing on the design parameters shall be added. The transferability to
full-scale has to be investigated, that includes the investigation of side wind conditions, and is finally
concluded by on-road tests.

Flow control methods

Section 2.2.2 briefly outlines some of the effective AFC methods applicable on bluff bodies for drag
reduction. It can be concluded that further optimization is required to increase the effectiveness of this
method so that it becomes comparably effective. As mentioned in the shortcomings, the rear end geometry
needs to be modified, for example by the integration of the oscillators into flush mounted flaps. In general,
the entire actuation system can be optimized by modifying the flow control parameters and the geometry
of the passive and active devices. The location of the oscillators and the direction of the emitted jets
have to be investigated. It is documented that inward deflected jets increase the performance of the
AFC [55,87]. Besides the geometric optimization of the bluff body’s rear end, the flow control parameters,
which are flap angle, flap length, oscillator spacing and size, and momentum coefficient, have to be
refined. Additionally, the potential of the oscillator design requires further investigations in terms of
the reduction of pressure losses within these devices and an optimized coverage of the actuated area
downstream the orifices [88]. A method for the valid determination of the efficiency has to be developed
which is applicable to realistic conditions. Finally, the optimized flow control has to be adapted to a
full-scale model. Side wind conditions may also be an interesting topic regarding the stability of the flow
control. These investigations can be extended by the development of an adaptive flow control that changes
its control parameters depending on the inflow conditions.
Another point is the impact of the flow control on the wake dynamics. First steps are taken in this direction
by the work described in Publication III. However, a valid data base requires further time-resolved
measurements with possibly better spatial resolution. It has been shown that towing tank experiments
produce transferable (time-averaged) results. Therefore, it can be assumed that the effect of various AFC
methods on the wake dynamics can also be investigated in water towing tanks. The efficiency of other
methods focusing on the manipulation of the coherent structures (e.g., by unsteady forcing at selected
frequencies) can be validated and evaluated in water.

Related projects

The potential of the water towing tank as a test facility for the investigation of aerodynamic topics
motivates further topics related to the present work. These ongoing studies are:

• The determination of boundary conditions such as the ground effect. This effect is examined by adding
a submersible platform into the basin (Figure 5.5(a)).

86



Chapter 5. Concluding Discussion

• The optimization of a platoon of bluff bodies equipped with base flaps. The inter-vehicle distance and
the effect of the base flap parameters (flap angle and flap length) are investigated with the focus on the
optimal alignment of the models. The lateral displacement is also examined in this study.

• The modification of the towing carriage control to facilitate instationary velocity profiles. An analog
interface is connected to the potentiometer that controls the speed of the carriage. Sinusoidal input
signals, which represent the desired carriage velocities, are generated by a LabVIEW program and
converted to the required analog input signals. These efforts focus on the investigation of various
two-dimensional profiles at unsteady inflow conditions (e.g., pitch and plunge motions). The current
test rig for these studies is shown in Figure 5.5(b). First tests cases are conducted without the model
to quantify the deviation between the intended and the achieved sinusoidal velocity profiles as a
function of the amplitude, offset, and frequency, see Figure 5.4. When ignoring the delay between both
signals, which is attributed to electronically lag and mechanical inertia, the deviation is less than 2%
for selected parameters.
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Figure 5.4 Illustration of the intended and measured sinusoidal velocity profiles and their relative deviation for a
frequency of 0.1 Hz, an offset of U = 2.5 m/s, and an amplitude of U = 1.25 m/s
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Figure 5.5 Pictures of related research projects in the towing tank: (a) the underwater platform installed to the
towing tank facility, and (b) the 2D-test rig
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