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Abstract

The vortices produced by helicopter rotor blades dominate the aerodynamics of the rotor
wake. Their interactions with the rotor blades cause sound and structural vibrations and

have detrimental effects on the aircraft performance. Current research strives to better under-
stand and reduce the effects of these blade-vortex interactions (BVI). Sub-scale model rotor
tests – and an increasing number of full-scale investigations – are performed to develop mea-
sures against the interaction effects. Active rotor control concepts – such as active twist actua-
tion – have the potential to effectively reduce the sound and vibrations of helicopter rotors.

The present thesis focuses on the experimental investigation of active twist for the reduction of
BVI effects on a model rotor. Results of a large-scale smart-twisting active rotor (STAR) test
under hover conditions are described. This test investigated the effects of individual blade twist
control on the blade tip vortices. The rotor blades were actuated with peak torsion amplitudes
of up to 2◦ and harmonic frequencies of 1 − 5/rev with different phase angles. Time-resolved
stereoscopic particle image velocimetry (PIV) and background-oriented schlieren (BOS) mea-
surements were carried out to study the effects of active twist on the strength and trajectories of
the tip vortices between ψv = 3.56◦ and 45.74◦ of vortex age.

The analysis of the vortex trajectories revealed that the 1/rev active twist actuation mainly
caused a vertical deflection of the blade tip and the corresponding vortex trajectories of up to
1.3% of the rotor radius R above and −1%R below the unactuated condition. An actuation with
frequencies of 2/rev and 3/rev significantly affected the shapes of the vortex trajectories and
caused negative vertical displacements of the vortices relative to the unactuated case of up to
2%R within the first 35◦ of wake age. The 2/rev and 3/rev actuation also had the most signif-
icant effects on the vortex strength and altered the initial peak swirl velocity by up to −34 %
and +31 % relative to the unactuated value. The present aerodynamic investigation reveals a
high control authority of the active twist actuation on the strength and trajectories of the trailing
blade tip vortices. The magnitude of the evoked changes indicates that the active twist actuation
constitutes an effective measure for the mitigation of BVI-induced sound on helicopters.

The majority of available studies on BVI – including the STAR experiments – are based on
sub-scale model rotor tests. It is challenging to correctly downscale the multitude of under-
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lying effects contributing to BVI. Full-scale investigations with innovative, whole-field vortex
visualization techniques are, consequently, required for the validation of the model test results.
The present work thus also targets the advancement of optical measurement techniques for the
investigation of vortices on full-scale helicopters. A series of flight tests were carried out to
improve a reference-free variant of the BOS technique and demonstrate its vortex visualiza-
tion capabilities for various test conditions. The goal of the main flight test was the quantitative
measurement of the main rotor tip vortex system of a full-scale BO 105 helicopter under maneu-
vering flight. The tip vortices of the helicopter were simultaneously visualized from different
perspectives by a multi-camera BOS setup consisting of ten individual cameras. Based on this
data set, a three-dimensional reconstruction of the main rotor vortex system of a maneuvering
helicopter was realized for the first time. The flight test results thus demonstrate the potential of
the BOS measurement technique for quantitative vortex investigations on full-scale helicopters
under realistic flight conditions.

Keywords: Blade tip vortex, active twist actuation, vortex reconstruction, particle image ve-
locimetry, background-oriented schlieren, flight test



Kurzfassung

Die an Rotorblättern erzeugten Blattspitzenwirbel bestimmen maßgeblich die Aerodynamik
im Nachlauf von Hubschrauberrotoren. Ihre Interaktionen mit den Rotorblättern erzeugen

Lärm und Vibrationen und beeinträchtigen die Leistungsfähigkeit des Fluggeräts. Der Fokus
der aktuellen Forschung liegt auf der Untersuchung dieser Blattspitzen-Wirbel-Interaktionen
(engl.: blade-vortex interactions, BVI) und der Reduktion der dadurch verursachten Effekte.
Eine Reihe von kleinskaligen Modelrotorversuchen – sowie eine zunehmende Anzahl an voll-
skaligen Flugversuchen – untersucht neu entwickelte Maßnahmen zur Reduzierung der Inter-
aktionseffekte. Konzepte zur aktiven Rotorbeeinflussung – wie die aktive Blattverwindung –
haben hierbei ein hohes Potenzial für die Reduzierung der Schallemission und der Vibrationen
von Hubschrauberrotoren.

Die vorliegende Arbeit befasst sich mit der experimentellen Untersuchung der aktiven Blattver-
windung zur Reduzierung von BVI-Effekten. Hierzu wurden Versuche mit einem großskaligen,
aktiv verwundenen Rotor (engl. smart-twisting active rotor, STAR) unter Schwebeflugbedin-
gungen durchgeführt. Als Kernpunkt des Tests sollten die Auswirkungen der individuellen
Blattverwindung auf die Blattspitzenwirbel untersucht werden. Die Rotorblätter wurden mit
bis zu 2◦ Amplitude, Frequenzen von 1 − 5 pro Umlauf (1 − 5/rev) und unterschiedlichen
Phasenwinkeln harmonisch tordiert. Hierbei wurden zeitaufgelöste, stereoskopische particle
image velocimetry (PIV) und Hintergrund-orientierte Schlierenmessungen (engl. background-
oriented schlieren, BOS) durchgeführt, um die Auswirkungen der aktiven Verwindung auf die
Stärke und Trajektorien der Wirbel im Bereich von ψv = 3.56◦ bis 45.74◦ zu untersuchen.

Die Analyse der Wirbeltrajektorien zeigte, dass die aktive 1/rev Verwindung hauptsächlich eine
vertikale Verschiebung der Blattspitze und der kompletten zugehörigen Wirbelbahnen um bis
zu 1.3% des Rotorradiuses R nach oben und um −1%R nach unten relativ zum unaktuierten
Referenzfall verursachte. Eine Verwindung mit Frequenzen von 2 − 3/rev hatte einen erheb-
lichen Einfluss auf die Form der Trajektorien und verursachte innerhalb der ersten 35◦ hinter
dem Blatt eine negative vertikale Wirbelverschiebungen von bis zu 2%R relativ zum Referenz-
fall. Die aktive Verwindung mit 2 − 3/rev hatte auch die größte Auswirkung auf die Stärke der
Wirbel und veränderte die anfängliche maximale Tangentialgeschwindigkeit um bis zu −34 %
und +31 % relativ zum unaktuierten Referenzwert. Die Ergebnisse der vorliegenden aerody-
namischen Untersuchung zeigen, dass die aktive Blattverwindung einen großen Einfluss auf
die Stärke und die Trajektorien der Blattspitzenwirbel aufweist. Aufgrund der Größenordnung

iii



der hervorgerufenen Änderungen ist zu erwarten, dass die aktive Blattverwindung den BVI-
induzierten Anteil des Hubschrauberlärms effektiv reduzieren kann.

Ein Großteil der in der Literatur verfügbaren Studien – inklusive der STAR Versuche – basiert
auf kleinskaligen Modellrotortests. Das Herunterskalieren der verschiedenen Einflussfaktoren
und Bedingungen für das Auftreten von BVI stellt jedoch eine Herausforderung dar. Aus diesem
Grund werden vollskalige Vergleichsmessungen mit innovativen, das ganze Rotorwirbelfeld
erfassenden Visualisierungstechniken benötigt, um die Ergebnisse der Modellversuche zu va-
lidieren. Die vorliegende Arbeit beschäftigt sich deshalb auch mit der Weiterentwicklung
von optischen Messtechniken zur Untersuchung von Blattspitzenwirbeln an vollskaligen Hub-
schraubern. Eine referenzfreie Variante der BOS-Methode wurde in mehreren Flugversuchen
weiterentwickelt und ihre Eignung für die Visualisierung von Wirbeln unter verschiedenen
Messbedingungen demonstriert. Das Ziel des Hauptflugversuchs war die quantitative Vermes-
sung des Hauptrotorwirbelsystems eines vollskaligen BO 105 Hubschraubers unter Manöver-
flugbedingungen. Die Wirbel des Hubschrauberrotors wurden hierbei mittels eines BOS-Auf-
baus bestehend aus 10 Einzelkameras zeitgleich von verschiedenen Seiten aufgenommen und
visualisiert. Basierend auf diesem Datensatz wurde zum ersten Mal eine dreidimensionale
Rekonstruktion des Hauptrotorwirbelsystems eines fliegenden Hubschraubers durchgeführt.
Die Ergebnisse der Flugversuche demonstrieren das Potenzial der BOS-Methode für quan-
titative Wirbeluntersuchungen an vollskaligen Hubschraubern unter realistischen Flugbedin-
gungen.

Stichwörter: Blattspitzenwirbel, aktive Blattverwindung, Wirbelrekonstruktion, Particle Image
Velocimetry, Hintergrund-orientiertes Schlierenverfahren
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1 Introduction

Helicopters possess unique operational abilities that enable them to fulfill a multitude of
tasks in today’s society. The combination of a high cruise speed, capability to hover, three-

dimensional maneuverability, and ability to vertically land virtually everywhere makes heli-
copters irreplaceable for search-and-rescue missions, construction work in difficult terrain, se-
curity operations, fighting forest fires, as well as medical and personal transport. Some of these
tasks require helicopters to operate close to or above densely populated areas, e.g. in the vicin-
ity of airports and hospitals. The sound emission of the aircraft thus becomes a crucial factor
that governs public acceptance of helicopters and can therefore lead to operational restrictions
such as a ban on night flights. For this reason, considerable resources are invested into the re-
duction of helicopter sound emissions.

The main rotor constitutes the dominant source of sound on a helicopter, with additional smaller
influences by the tail rotor low-order loading harmonics, and high-pitch engine and transmis-
sion sound (George 1978). The main rotor produces sound due to high-order harmonics, ran-
dom loadings caused by atmospheric turbulence, and impulsive noise. The impulsive noise
mainly originates from two aerodynamic phenomena: high tip Mach number effects on the ad-
vancing side of the rotor that radiate high-speed impulsive noise, and impulsive noise due to
blade-vortex interactions (BVI) on both the advancing and retreating side of the rotor, includ-
ing secondary stall and shock effects during BVI. The characteristic thumping sound during
BVI dominates the overall sound emission of the helicopter, which is especially apparent for
older machines, such as the two-bladed Bell UH-1. BVI noise is generated by the interaction
of a rotor blade with a previously generated vortex from another blade. The most severe blade-
vortex encounters occur during flight maneuvers such as descending forward flight or banked
turns. During these maneuvers, the vortex filaments that are created in the forward half of the
rotor disk convect close to the rotor plane. The passing vortex filament causes changes in the
local blade aerodynamics and high unsteady pressure fluctuations on the interacting blade. The
magnitude of these interaction effects depends primarily on the strength of the vortex, and its
distance and orientation to the interacting rotor blade (Hardin & Lamkin 1986).

Over the past decades, numerous studies have been conducted to gain a better understanding
of the important factors that contribute to BVI. Part of this research attempts to mitigate the
effects of BVI such as sound emissions and vibrations. Passive and active measures have been
investigated which reduce the vortex strength or alter the vortex trajectories. Improved blade
geometries such as the BERP (Lowson 1992) or sub wing design (Brocklehurst & Pike 1994)
have been shown to substantially reduce the BVI-related noise by up to 5 dB. Similar levels of
noise reduction are also possible by active actuation through tip air jets (White Jr. 1980), higher
harmonic blade control (Kube et al. 1996), and active trailing edge flaps (Marcolini et al. 1995).
An especially promising active control concept aims at altering the shed blade tip vortices by
actively twisting the rotor blades with blade-internal actuators. The potential of this concept
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2 Chapter 1. Introduction

for the reduction of BVI-induced rotor vibrations has been demonstrated by the active twist
rotor (ATR) project (Wilbur & Yeager 2002). The ATR project, however, did not investigate
the effects of the active twist actuation on the blade tip vortices and sound emission of the rotor.
Further investigations are thus required to assess the control authority of the active twist concept
on the trailing tip vortices and sound generation during BVI.

The first part of the present thesis aims to investigate the effects of active twist control on the
strength and positions of the tip vortices that are shed by a large-scale model rotor. This in-
vestigation was conducted within the framework of the international smart-twisting active ro-
tor (STAR) project. The STAR project was initiated by an international consortium of research
institutes and universities with the intent to manufacture and test an active twist model rotor
under hover and BVI-relevant flight conditions. The present aerodynamic study is based on a
preliminary hover test of the STAR rotor, which was carried out in the rotor preparation hall at
DLR Braunschweig. Time-resolved, simultaneous, and stereoscopic particle image velocimetry
(PIV) and background-oriented schlieren (BOS) measurements were conducted to study young
tip vortices between 3.56◦ and 45.74◦ of wake age. The acquired measurement data thus enabled
a comprehensive analysis of the actuation effects on the vortex system of the hovering rotor.

The majority of investigations on BVI – as well as the state-of-the-art vortex models – are based
on experiments with fixed wings or sub-scale model rotors. The application of these model re-
sults to full-scale rotor flow critically depends on the correct scaling of the significant design
and flow parameters in the experiment. The prediction of full-scale BVI is challenging due to
the large number of underlying and interacting effects, such as the blade aerodynamics includ-
ing the lift time history, blade aero-elasticity, fuselage-interference, atmospheric conditions, and
the flight condition, performance, and trimming of the aircraft (Hardin & Lamkin 1986). The
investigation of vortices on full-scale rotors, however, involves no scaling errors and thus poten-
tially provides the information essential for the validation of sub-scale experiments and numeri-
cal simulations. To date, only a few studies are available that focus on the strength (Kindler et al.
2007) and position (Heineck et al. 2013, Klinge et al. 2006) of young vortices shed by full-scale
helicopter rotors operated under steady wind tunnel or hover conditions. The localization of the
entire vortex system of a full-scale helicopter – which is necessary for the assessment of blade-
vortex miss-distances – has not been attempted yet due to the lack of a suitable measurement
system. The development of a non-intrusive, large-scale measurement technique that can easily
be applied outside the laboratory is thus required to enable full-scale vortex investigations.

The second part of the present thesis thus aims to advance the existing BOS technique for the
visualization and three-dimensional localization of the complete vortex system of a full-scale
helicopter under realistic flight conditions. A series of flight tests were conducted with a BO 105
and a Cougar helicopter to improve the BOS technique and demonstrate its potential for the
visualization of full-scale rotor blade tip vortices outside the laboratory. In a final flight test, a
multi-camera BOS setup was used to visualize and – for the first time – reconstruct the main
part of the tip vortex system of a BO 105 helicopter in three-dimensional space. The two main
objectives of this thesis can therefore be summarized by the following questions:

What are the effects of active twist actuation on the shed blade tip vortices?

Is it possible to acquire three-dimensional blade tip vortex positions for a full-scale
helicopter under free flight conditions?



2 Blade Tip Vortices

In this chapter, the theory of and the most important literature on blade tip vortices are dis-
cussed. Section 2.1 covers the basic definition of a vortex and how vortices are generated on

a three-dimensional (3D) airfoil. The adverse effects of vortices on an aircraft and aerodynamic
vortex properties are given, followed by common vortex models used for their description, and
a review of vortex decay and breakdown. Section 2.2 focuses on the vortices shed by a heli-
copter rotor and typical interaction phenomena such as blade-vortex interactions (BVI), as well
as active and passive measures against them.

2.1 Basic vortex theory

Vortices are present in many natural flows such as stirred fluids, whirlpools on a water surface,
dust-devils, tornadoes, and even in the atmosphere of the planet Jupiter. They also occur in
technical applications, e.g. in vortex separators, cyclone combustors, on aircraft wings, and on
propellers. There are a number of commonly accepted definitions for a vortex in a fluid medium
that emphasize different aspects of the vortex. These definitions include:

• a region with circular flow,

• a region of high vorticity,

• a region with reduced static pressure,

• a region surrounded by closed or spiral streamlines.

Some of these definitions, however, depend on the frame of reference (i.e. are not Galilean-
invariant), or are ambiguous, as e.g. shear flow also exhibits elevated levels of vorticity, and
locally reduced static pressure can be caused by flow curvature. Another commonly applied
definition of a vortex was proposed by Robinson (1990):

“A vortex exists when instantaneous streamlines mapped onto a plane normal to
the vortex core exhibit a roughly circular or spiral pattern, when viewed from a
reference frame moving with the center of the vortex core.”

The application of this formulation for the identification of vortices is, however, limited, as
a priori information about the position and orientation of the vortex is required to identify it.
Other definitions based on aerodynamic formulations such as the Navier-Stokes equations are
difficult to achieve, as these formulations describe the flow field at distinct spatial points and
therefore cannot capture a flow structure with a large physical extent such as a vortex.
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4 Chapter 2. Blade Tip Vortices

It is evident from these considerations that the term vortex is often used in a physically imprecise
manner, and that a universal definition for it does not exist (Haller 2005). Despite this lack
of an absolute definition, the available vortex detection schemes enable the identification and
characterization of vortices in flow fields with sufficiently high accuracy, as will be shown
throughout this work.

2.1.1 Vortex generation on a three-dimensional wing

Lift-producing wings of finite span also generate vortices at their tips. This phenomenon can
be explained in three different ways (see Green 1995). A first explanation is based on the
Helmholtz vortex laws and the Kutta-Joukowski law, which links the lift of an airfoil to its bound
circulation. Following these principles, the tip vortices can be explained as the connections be-
tween the bound circulation of the wing and a starting vortex that forms when the wing starts to
move and matches the bound wing circulation according to Kelvin’s theorem. A second expla-
nation attributes the vortex formation to the presence of a shear layer at the wing tip between
the undisturbed flow and the flow over the airfoil, where vorticity is created and merged into the
tip vortex. The third and most commonly adopted explanation is illustrated in Fig. 2.1 with the
sketch of a finite wing. The wing exhibits almost undisturbed and two-dimensional (2D) flow
close to its center section, as visualized by the straight streamlines. At this center section, the
static pressure difference between the suction side on top and the pressure side below the airfoil
reaches its maximum. Closer to the wing tips, this pressure difference decreases, together with
the produced sectional lift. The span-wise pressure gradient causes the streamlines to curve in-
board on the suction side and outboard on the pressure side. The outboard pressure difference
forces fluid from the pressure side of the airfoil to flow around the wing tip. This swirling mo-
tion of fluid persists behind the wing and forms a wing tip vortex, as illustrated in Fig. 2.1. The
difference in lateral fluid motion between the suction and pressure side causes the formation of
a shear layer with increased vorticity behind the trailing edge (TE) of the wing, where the two
flows combine again. The created vortex sheet persists in the wake of the wing, where it is af-

Figure 2.1: Three-dimensional flow over a finite wing and trailing tip vortices
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fected by the induced velocity field around the vortex according to the Biot-Savart law. The
vortex-induced velocity field – in combination with the wake of the wing – causes the vortex
sheet to progressively envelop the tip vortex, what is known as the roll-up of the vortex.

The vortex formation phase has a great influence on the overall properties of a trailing tip vortex.
The onset of vortex development occurs early on the airfoil and typically involves multiple
smaller vortices merging into a single main tip vortex (Birch & Lee 1992, Bailey et al. 2006,
Giuni & Green 2013). This merging is almost complete by the time the vortex reaches the
TE, but it takes up to a distance of two chord lengths behind the TE before the vortex sheet is
completely rolled-up and the vortex becomes fully axisymmetric (Green & Acosta 1991).

The shape and properties of a tip vortex are influenced by multiple wing and operational param-
eters. The geometry of the wing tip (aspect ratio, tapering, tip shape, surface roughness) and
the operating conditions (wing load distribution, angle of attack α, Reynolds number Rec com-
puted with the chord length c) play an important role in defining the shape of the vortex (Smith
& Sigl 1995, Martin & Leishman 2002, Ramasamy & Leishman 2005).

2.1.2 Adverse effects of tip vortices

Wing tip vortices have a number of adverse effects on the performance of the wing itself, but
also on its environment. The induced flow field from the vortex is directed downwards on the
wing and most pronounced close to the vortex position, according to the Biot-Savart law. It
therefore reduces the local effective angle of attack αe and lift of the wing. The continuous
acceleration of fluid around the wing tip requires additional energy, which is called induced
drag and decreases the efficiency of the aircraft. The trailing vortices behind the wing also pose
a threat for other aircraft, as the vortex-induced velocities can reach magnitudes that are large
enough to affect the stability of following aircraft. On rotorcraft, the tip vortices can interact
with the fuselage, tail boom, and the rotor blades, which leads to unsteady and high frequency
pressure fluctuations that cause sound emission and vibrations. A detailed description of these
interaction effects will be given in Subsection 2.2.1.

2.1.3 Vortex properties

After the initial roll-up process is finished, the fully developed trailing vortex is approximately
axisymmetric. It consists of an outer region and an inner part, which is referred to as the vortex
core. The radial extend of the core – or core radius rc – is commonly defined at the location
of maximum tangential or swirl velocity Vθ (see e.g. McCormick et al. 1968 and Fig. 2.2c).
Several studies have found that the flow field within the vortex core is essentially laminar, with
a transitional region and a fully turbulent region surrounding the vortex core (see Devenport et
al. 1996, Martin et al. 2003, Ramasamy & Leishman 2007). It is of interest to note that the high
streamline curvature in the vicinity of the core prevents the generation of large scale turbulent
eddies and causes the relaminarization of entrained turbulent structures (Martin et al. 2003).

From a mathematical perspective, the trailing vortex can be described as a distribution of vor-
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ticity ~ω, which corresponds to the curl of the velocity V, as defined e.g. by Anderson (2007):

~ω = ∇ × V (2.1)

The circulation Γ is a measure for the strength of a vortex. It is defined as the line integral
around a closed curve C of the velocity field (Anderson 2007):

Γ =

∮
C

Vds (2.2)

where ds is the directed line segment. According to Rossow (1999), the streamwise component
of the circulation is of high importance for the study of trailing vortices. Additionally, it is the
only component of the vorticity that is available from 2D particle image velocimetry (PIV) mea-
surements in planes perpendicular to the vortex axis. Applying the Stokes’ theorem, Eq. (2.2)
can be adapted to only cover the streamwise circulation component within an area S enclosed
by the curve C:

Γ =

"
S
ωz dS =

" (
∂v
∂x
−
∂u
∂y

)
dxdy (2.3)

The definition of the circulation in Eq. (2.3) is applied in the present study. Schematic radial
distributions of the vorticity and circulation of a vortex are depicted in Fig. 2.2a and b, respec-
tively. The maximum of the streamwise vorticity at the vortex center can be used for the de-
tection of the vortex position. For large radial distances to the vortex center, the vorticity con-
verges to zero and the integrated vortex circulation approaches a constant value of Γv. For each
radial position r, the tangential or swirl velocity Vθ can be expressed as (Martin et al. 2003):

Vθ =
Γ

2πr
(2.4)

which leads to the velocity profile shown in Fig. 2.2c. The core radius rc is defined as half the
distance between the two swirl velocity peaks Vθ,max, where Eq. (2.4) becomes:

Vθ,max =
Γc

2πrc
(2.5)

The swirling motion of the vortex evokes high centrifugal forces on the contained fluid particles
and therefore a reduction of the static pressure pstatic and density ρ within the vortex core, as
depicted in Fig. 2.2d. The reduced core density – and the corresponding change of the refractive
index of the fluid – enables the detection of trailing vortices via optical schlieren methods, as
shown in Subsection 3.3.10 and Chapter 5.

The vortex shape parameters described here are applied in Chapter 3 for the analysis of blade
tip vortices shed by a hovering model scale rotor. Specifically, the radial distribution and peak
values of the swirl Vθ and axial velocity Vz, and core radius rc will be analyzed, in combination
with the convectional movement and meandering of the vortex positions with respect to the
blade tip position.
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Figure 2.2: Schematic distribution of a) vorticity, b) circulation, c) swirl velocity, and d) static
pressure over a vortex

2.1.4 Vortex models

Over the past centuries, various algebraic formulations and simplified solutions of the Navier-
Stokes equations have been found for the radial swirl velocity distribution in a trailing vortex.
The solutions of the Navier-Stokes equations comprise the potential, Batchelor, Lamb-Oseen,
and Ramasamy-Leishman vortex model. The relevant algebraic formulations for the present
study are the Scully or Kaufmann, Bagai-Leishman, Vatistas, and Ramasamy-Leishman models.
These models for the radial swirl velocity distribution of a vortex are presented here and plotted
in Fig. 2.3 for comparison. The non-dimensional radius r̄ = r/rc is introduced to simplify the
corresponding equations.

The potential vortex model has already been specified in Eq. (2.4). The simple potential formu-
lation does not capture the swirl velocity distribution within the core of a trailing tip vortex and
has the singularity Vθ → ∞ for r → 0. In the 19th century, Rankine proposed an extension of
this model by introducing a solid body rotation inside the vortex core (Acheson 1990):

Vθ(r̄) =


Γvrc

2π
r̄ r̄ ≤ 1

Γv

2πrc

1
r̄

r̄ > 1
(2.6)
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The Rankine vortex model still features a discontinuity for r̄ = 1. In 1964, Batchelor derived a
simplified solution of the Navier-Stokes equations with the assumption that the axial gradients
in the vortex flow field are much smaller than the radial gradients. In cylindrical coordinates,
the axial (Vz), radial (Vr), and azimuthal (Vθ) velocity components are given as:

Vz(r̄) = Vz,∞ +
V0(

rc/rc,0
)2 e−r̄2

(2.7)

Vr(r̄) = 0 (2.8)

Vθ(r̄) = qV0
1 − e−r̄2

r̄0
(2.9)

where Vz,∞ is the free-stream axial velocity, V0 is the velocity scale, q is the swirl strength as the
ratio of the peak swirl velocity and core velocity, and r̄0 is the initial non-dimensional radius.
For Vz,∞/V0 = 0 and infinitely large swirl number q, the Batchelor vortex reduces to the Lamb-
Oseen vortex (Lamb 1932, Oseen 1911) with the azimuthal velocity distribution:

Vθ(r̄) =
Γv

2πrc

1 − e−αL r̄2

r̄

 (2.10)

where αL = 1.25643 is the Lamb’s constant. The Lamb-Oseen model represents a laminar vor-
tex that decays due to viscosity. The tip vortices of large-scale model rotors, however, operate
in a turbulent or transitional flow regime, characterized by a higher vortex Reynolds number:

Rev =
Γv

ν
(2.11)

where ν is the fluid’s viscosity. An approximated formulation of the Reynolds number of a rotor
blade tip vortex is derived by introducing the thrust coefficient CT, rotor solidity σ, and the rotor
tip speed Vtip = ΩR with the rotor rotational frequency Ω and rotor radius R (Leishman 2006):

Rev =
2ΩRc
ν

(CT

σ

)
(2.12)

where CT = T/(ρ∞πΩ2R4) and σ = Nbc/(πR), with the rotor thrust T , ambient density ρ∞, blade
number Nb, and chord length c. Ramasamy & Leishman (2006a, 2007) developed a transitional
vortex model based on Rev that has been iteratively solved and approximated for a range of
vortex Reynolds numbers Rev, leading to an analytical expression with the fit coefficients an, bn:

Vθ(r) =
Γv

2πr

1 − 3∑
n=1

an e−bnr

 (2.13)

In addition to the formulations derived from the Navier-Stokes equations, selected algebraic
models are also considered here. One of the most versatile algebraic models was described by
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Vatistas et al. (1991):

Vθ(r̄) =
Γv

2πrc

r̄(
1 + r̄2n)1/n (2.14)

where n is an integer variable. For different values of n, some well-known vortex models are
obtained. For n → ∞, Eq. (2.14) turns into the Rankine model; for n = 1, the vortex model of
Kaufmann (1962) or Scully & Sullivan (1972) is derived:

Vθ(r̄) =
Γv

2πrc

r̄(
1 + r̄2) (2.15)

and for n = 2, the Bagai-Leishman model (Bagai & Leishman 1995) is given:

Vθ(r̄) =
Γv

2πrc

r̄(
1 + r̄4) (2.16)

Figure 2.3 gives a comparison of the vortex models that are presented in this section. The chart
shows the swirl velocity distribution over the normalized vortex radius r̄ relative to the peak
value Vθ,max at r̄ = 1. The Ramasamy-Leishman model is plotted for a vortex Reynolds number
of Rev = 131000 to match the model rotor hover tests described in Chapter 3. The corresponding
n numbers of the Vatistas model are indicated in the plot legend. The main differences between
the models occur outside the vortex core, where the radial decrease in swirl velocity differs
significantly.
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Figure 2.3: Vortex-induced swirl velocity distribution over radius for various models
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2.1.5 Vortex decay and breakdown

Lifting wings continuously produce trailing tip vortices that remain coherent several chord
lengths behind the wing. Their shape and strength, however, change with time due to the influ-
ence of dissipative effects and growing instabilities. The vortex diffusion is driven by viscosity,
which results in an expansion of the vortex diameter and a decrease in vortex circulation. The
rate of this decay depends on several factors, including the level and distribution of turbulence
in the vicinity of the vortex core, which governs the transport of kinetic energy away from the
vortex (see e.g. Squire 1965, Iversen 1976, Ramasamy & Leishman 2007). Formulations for the
growth of the vortex core exist for different core turbulence levels. The Lamb-Oseen model fea-
tures a laminar vortex core that decays due to viscosity. The vortex core growth is estimated as

rc(t) =
√

4αLνt (2.17)

with the time t and kinematic viscosity ν. The predicted core growth of this model was found
to be unrealistically small due to its laminar formulation. Squire (1965) therefore modified the
core growth rate to take into account the average effects of turbulent mixing by adding an eddy
viscosity term:

rc(t) =

√
r2

0 + 4αLνδt (2.18)

Equation (2.18) contains the core radius r0 at the time t = 0 and the ratio of apparent to actual
viscosity δ = 1+νt/ν = 1+a Rev, where νt is the effective turbulent value of viscosity and a is an
empirical factor. For small values of Rev, the model reduces to the laminar Lamb-Oseen model.
The assumption of a fully laminar or turbulent vortex does not agree with flow visualizations of
vortices (Martin et al. 2003, Ramasamy & Leishman 2006a), which suggest a radial transition
from laminar to turbulent flow. Ramasamy & Leishman (2007) therefore modified Squire’s
formulation by replacing the value of νt with an empirical formulation including a so-called
vortex intermittency function, which models the radial variation of the vortex turbulence level.

In general, the transitional and turbulent core growth models correlate well with experimental
results from model rotor measurements for completely rolled-up vortices. For very young vortex
ages below ψv = 45◦ (measured as rotor azimuthal distance behind the blade), however, several
studies have found a very weak growth of the core radius (Martin & Leishman 2002, McAlister
et al. 2001a) or no clear trend at all (Coyne et al. 1997, Bhagwat & Leishman 2000, Mahalingam
& Komerath 1997, Ramasamy et al. 2009a). According to Ramasamy & Leishman (2004), this
is caused by the positive strain rates that occur during the vortex roll-up process, which are
known to counter the effects of vortex diffusion.

Apart from the gradual decay of kinetic energy of the vortex, Spalart (1998) specified a sec-
ond category of sudden decay due to the occurrence of a critical event that leads to the three-
dimensional deformation of the vortex, followed by a breakdown to small scales and the dissi-
pation of the kinetic energy. Lim & Cui (2005) studied this sort of vortex breakdown by visual-
izing vortices in a cylindrical container, generated by a rotating end wall. In particular, they ob-
served vortex breakdown patterns that are also found for helicopter blade tip vortices, including
large-scale smooth sinuous wavetype (Sullivan 1973), and small-scale helical instabilities, as
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Figure 2.4: Vortex instability patterns,after Lim & Cui (2005)

depicted in Fig. 2.4. The smooth sinuous wavetypes are instability patterns that are commonly
observed on helicopter rotors in hover flight (Sullivan 1973). They are relatively stable forma-
tions that can grow in amplitude with wake age. The helical instabilities or short wavelength
instabilities were first observed by Norman & Light (1987) for highly loaded propellers or tilt-
rotors. Under rare conditions, they can also occur on helicopter rotors.

2.2 Rotor blade tip vortices

The flow field of a helicopter rotor and the corresponding tip vortices are highly dynamic and
three-dimensional. Compared with a fixed-wing, these tip vortices possess a strong curvature
and can undergo interactions with the rotor blades, helicopter fuselage, and ground. For a hov-
ering rotor, the vortices form a helical wake below the rotor plane and predominantly convect
downwards and radially inwards according to the momentum theory (Glauert 1922), as schemat-
ically illustrated in Fig. 2.5a. The graph in Fig. 2.5a depicts a side view of the vortex system
of a four-bladed rotor with vortices colored by the blade they trail from. The vortex system is
skewed during forward flight and the young vortices convect close to the rotor plane, as sketched
in Fig. 2.5b. For descent and banking turn maneuvers, part of the vortex trajectories can even
be located above the rotor plane and the distance between the vortices and the rotor blades be-
comes small enough for BVI to occur. BVI are of high interest for rotorcraft manufacturers due
to their impact on the helicopter’s sound emission and will be discussed in Subsection 2.2.1,
followed by a summary of passive and active measures against BVI in Subsection 2.2.2.
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Figure 2.5: Sketches of the vortex system of a) a hovering rotor and b) a rotor in forward flight
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2.2.1 Blade-vortex interactions

The sound generation of helicopters is dominated by aerodynamic phenomena that occur on the
main rotor (George 1978). This comprises main rotor high-order harmonics, main rotor random
loadings due to atmospheric turbulence, and impulsive noise. Especially the impulsive noise is
only weakly attenuated by the atmosphere and dominates the sound immission on the ground.
Impulsive noise is produced by high Mach number effects on the advancing blade side called
high-speed impulsive noise, and by blade-vortex interactions and the corresponding secondary
stall and shock effects. BVI occurs during various flight conditions, but the most detrimental
effects occur during descent or banking maneuvers. Here, a vortex that was created at the
forward edge of the rotor disk convects above the blades and traverses the rotor disk in its rear
half, where the vortex encounters a rotor blade at a shallow angle and with a short miss distance.
The induced velocity field of the vortex interacts with the flow around the rotor blade and causes
high frequency pressure fluctuations on the blade surface that induce structural vibrations and
emit impulsive noise. An example for these blade surface pressure fluctuations during BVI is
given in Fig. 2.6 (van der Wall et al. 2004). The graph depicts the normalized leading edge
pressure distribution of a model rotor during a 6◦ descent that was measured and mapped to the
rotor plane. The radial streaks of alternating sign in the right half of the plane represent the
BVI-induced pressure fluctuations. The magnitude of the BVI effect primarily depends on the
strength and circulation distribution of the vortex, and its miss distance, interaction length, and
orientation with respect to the interacting rotor blade (Hardin & Lamkin 1986).

BVI has been the subject of extensive research over the past decades, some of which will be
summarized here. In 1977, Tangler tested a model rotor during descent and high-speed flight.
He used a schlieren setup to visualize bow shocks on the blades and the tip vortices during BVI.
Splettstoesser et al. (1984) compared sound pressure levels from a full-scale BVI flight test with
data from a large-scale model rotor under similar conditions. Between 1981 and 1989, Ameri-
can helicopter manufacturers were funded by the NASA-AHS National Rotorcraft Noise Reduc-
tion program to investigate means of helicopter noise prediction and reduction (Childress 1991).
This program included full-scale flight tests, a model rotor hover test, a main rotor-tail rotor in-

Figure 2.6: Normalized leading edge pressure distribution for a 6◦ descent, as measured in the
HART II model rotor test, after van der Wall et al. (2004)
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teraction test, and a main rotor sound test in a large-scale wind tunnel. In 1988, Caradonna et al.
used a fixed 3D airfoil upstream of a model rotor to generate an interacting vortex and measured
the blade surface pressure distribution during the interaction. Within the European HELINOISE
project, a comprehensive wind tunnel test with an instrumented main rotor model of the BO 105
was conducted to determine the relationship between the blade pressure fluctuations and the
acoustic radiation, and to investigate vortex locations during BVI (Splettstoesser et al. 1995). In
1996, Raffel et al. applied laser Doppler velocimetry (LDV) and PIV to a model rotor in forward
flight and investigated the vortex strength and position for BVI-relevant cases. Horner et al.
(1994) and a number of recent studies completely went without a rotor and used a 3D airfoil to
generate a vortex upstream of a second airfoil in a wind tunnel to simulate parallel BVI (Horner
et al. 1994, Klein et al. 2014, Rival et al. 2010, Peng & Gregory 2015). The results of these stud-
ies comprise velocity fields around the interacting airfoil during the vortex encounter (Horner
et al. 1994, Klein et al. 2014), investigations of the vortex breakdown after the interaction and
BVI-induced stall on the interacting blade (Rival et al. 2010), as well as the investigation of
the influence of miss distance and sense of vortex rotation on the interaction (Peng & Gregory
2015). Ramasamy et al. (2014) and Bhagwat et al. (2015) studied the effects of orthogonal BVI
with a similar dual-airfoil setup and PIV. The focus of these studies was on the interaction of the
two tip vortices and the effects on the lift and circulation distribution of the interacting wing.

2.2.2 Measures against BVI

The detrimental effects of blade-vortex interactions – such as the generation of sound and vi-
brations, and a reduced rotor performance – have stimulated extensive research on active and
passive measures that reduce the ramifications of BVI. The review paper of Yu (2000) contains
an extensive overview of actuation methods to counter the effects of BVI. Here, the most im-
portant passive and active actuation methods will be introduced.

Passive measures against BVI

There are a number of helicopter design variables that can reduce the strength of aerodynamic
interactions on helicopters, including the number of blades Nb, blade loading CT/σ, tip Mach
number Mtip, and shape of the blade tip (see e.g. Allongue et al. 1999, Smith & Sigl 1995,
Koushik & Schmitz 2014). Allongue et al. (1999) and Bebesel et al. (1999) performed flight
tests with variable rotor speed and ground microphone measurements. Allongue et al. found
that a 10 % decrease in tip speed resulted in a noise reduction of up to 3 dB, whereas Bebesel
et al. found a noise decrease of 0.6 − 1.1 dB due to a 2% decreased tip speed. Multiple tip ge-
ometries have been thought of and tested over the past 40 years, such as rounded, swept, ta-
pered, parabolic, anhedral, and ogee tips, as well as tips with spoilers and sub-wings. McAl-
ister & Takahashi (1991) and Coyne et al. (1997) investigated the influence of a rounded plan-
form and a rounded tip cap on the vortex strength. They found a reduction in the axial velocity
deficit, but only a marginal influence on the swirl velocity that became insignificant in the far
field. Bebesel et al. (1999) performed a flight test with parabolic blade tips and found a noise
reduction of 3.8 dB during approach. Also in 1999, Allongue et al. flight-tested a parabolic, ta-
pered, and thin blade tip and found a noise reduction of 2.8 dB during approach.



14 Chapter 2. Blade Tip Vortices

The British Experimental Rotor Programme (BERP) developed a blade tip shape that reduces
shock effects on the advancing side and delays blade stall on the retreating side with a combi-
nation of sweep, a thin airfoil, and a leading edge notch. The BERP blade tip achieved a re-
duction in BVI-related noise of up to 5 dB during descent, in combination with an increased
maximum cruise speed of the helicopter (Lowson 1992). Hoad (1979) and Brocklehurst & Pike
(1994) investigated the effects of a sub wing (vane) tip on a model rotor in descending forward
flight. The sub wing tip produced two separate tip vortices that had a reduced impact on inter-
acting rotor blades. BVI-induced noise was thus reduced by 4 − 5.6 dB, while no adverse ef-
fects on the control loads or performance were reported. The test of a rectangular and swept-
back parabolic-anhedral blade tip during the HELISHAPE wind tunnel test, on the other hand,
did not achieve a significant noise reduction (Schultz et al. 1996). The application of a turbu-
lence generator to the tip of a 3D airfoil caused a promising decrease in peak swirl velocity of
the tip vortex of 57%, but at the cost of an 18% increase in torque (McAlister et al. 2001b).

Slotted blade tips constitute a second form of passive actuation to reduce the ramifications of
BVI (Dancila & Vasilescu 2002, Vasilescu 2004, Han & Leishman 2004). This sort of actuator
operates passively, as it does not require any sort of control or power input to operate, but
actively influences the tip vortex by introducing jets of air at the tip side edge that intensify
the vortex diffusion. The jets are generated by pressure gradient-driven flow through tubes
connecting the leading edge with the tip side edge. Han & Leishman (2004) found that a slotted
blade tip reduced the peak swirl velocity of the vortex by up to 60% compared to an unmodified
blade, with a simultaneous enlargement of the core radius by a factor of 2 − 3, and a 2 − 3%
increase in rotor power consumption. In a similar study, Vasilescu (2004) found a reduction in
peak swirl velocity of 16% and 2.8 times larger core radii compared to a rounded passive tip.

The results obtained by passive modifications of the blade tips show that the strength and –
to some extend – the trajectory of a trailing vortex can be modified. Typical noise reduction
levels, however, have stagnated at about 3 − 5 dB and seem to only be increasable further by
simultaneously reducing the helicopter’s performance or maneuverability.

Active measures against BVI

Active control concepts, on the other hand, still exhibit significant potential to achieve higher
control authority over the BVI phenomenon. Even more than for the passive actuators, the
gains by active actuation have to be weighed against the penalties such as additional power
consumption and aircraft safety. A suitable active actuator uses little additional power to reduce
the effects of BVI. There are currently two main concepts for active control of blade tip vortices.
The first is based on influencing the vortex during its formation via air injection or through zero-
net-mass jets. The second concept is based on the mechanical variation of the blade pitching
motion, leading to a periodic modification of the span-wise lift distribution. It can be separated
into active blade control from the fixed frame via the swash plate (higher harmonic control,
HHC) and blade-individual actuation in the rotating frame (individual blade control, IBC).

The concept of tip air mass injection (TAMI) for tip vortex modification was first thought of in
the 1970s. White Jr. et al. (1975, 1980) were the first researchers to investigate the application
of chord- and span-wise blowing to full-scale helicopter rotors in a wind tunnel. The chord-wise
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air injection resulted in spreading of the tip vortex and the span-wise blowing altered the vortex
structure and displaced the tip vortex further outboard. For a BVI case, White Jr. et al. (1975)
acquired sound spectra, from which they estimated a maximum noise reduction of 8 − 25 dB.
In later tests, White Jr. (1980) reported an overall noise level reduction of 7.5 dB for TAMI on a
model rotor under simulated BVI conditions. The corresponding increase in power requirement
was estimated as 3% of the total power for the implementation on a full-scale helicopter.

Higher harmonic control was initially developed for the reduction of blade vibrations and it was
Hardin & Lamkin (1986) who first suggested its application for BVI-related noise reduction. In
principle, the static swash plate control in the non-rotating frame during a certain flight state is
superimposed with higher harmonic actuator controls to induce a periodic change of the blade
pitch. With a typical swash plate setup, the higher harmonic actuation frequencies are limited to
Nb − 1, Nb, and Nb + 1 per revolution. As an effect of this actuation, the blade lift distribution is
locally modified to decrease the vortex strength and/or change the vortex trajectories at the BVI-
relevant azimuthal locations. DLR, ONERA, NASA, and the US Army AFDD cooperated in a
series of HHC tests that were conducted with a 4 m diameter Mach-scaled BO 105 rotor under
BVI-relevant conditions in the DNW-LLF wind tunnel. In the first test of this series, Brooks et
al. (1991) demonstrated the influence of HHC on the blade movement and the distribution and
overall noise level below the rotor, which could be reduced by 6 dB for advancing side BVI, at
the cost of increased blade vibrations. These results were confirmed by similar investigations in
the HHC Aeroacoustic Rotor Tests (HART, Kube et al. 1996, Splettstoesser et al. 1997). During
the HART I tests, Kube et al. applied microphone and flow field measurements, in combination
with flow field visualization to localize the occurrence of BVI and quantify the effects of HHC
on the blade tip vortices. In the follow-up project HART II (Yu et al. 2002, van der Wall et al.
2004), the database of BVI-relevant parameters was further expanded, especially with flow field
data around the vortices, as obtained by PIV.

Parallel to the HHC development, multiple research groups worked on the realization of indi-
vidual blade control (Ham 1983) for BVI noise reduction. Morbitzer et al. (1998) were among
the first to realize an IBC concept based on actively controlled pitch links between the swash
plate and the rotor blades in the rotating frame. In wind tunnel and flight tests, Morbitzer et al.
demonstrated the simultaneous reduction of the blade vibrations and the overall BVI-induced
noise level by up to 12 dB via multi-harmonic actuation with superimposed 2/revolution (2/rev)
and 5/rev actuation frequencies. Jacklin et al. (2002) also demonstrated the application of IBC
on a full-scale rotor in a wind tunnel via hydraulic pitch links, with a resulting variation in an-
gle of attack of up to ±3◦, a vibration reduction of up to 70%, and an overall BVI noise reduc-
tion of up to 6 − 8 dB.

The development of smart materials – such as piezoelectric or magnetostrictive materials
(Chopra 2000) – enabled the design of new IBC actuators that are implemented inside the rotor
blades. The active trailing edge flap is one example of this design and based on mechanically
amplified piezoelectric actuators. The higher harmonic trailing edge flap movement causes a
change in blade curvature and induced blade twist, thus altering the blade lift distribution. The
advantage of this concept with respect to the active pitch link design is that the flaps can be po-
sitioned only at the necessary blade location and require less actuation power and no hydraulic
slip ring. The restricted installation space, however, leads to complex mechanical constructions
and a corresponding mass-balancing weight penalty. Marcolini et al. (1995) conducted the first
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wind tunnel test with an active trailing edge flap on a rotor. Microphone measurements detected
a decrease of 4 dB in the average BVI-related noise level, with a corresponding high increase
in rotor power. Schimke et al. (1997) demonstrated the applicability of an active trailing edge
flap for dynamic stall flow control on an oscillating 2D airfoil in a transonic wind tunnel. They
found that the maximum trailing edge flap deflection of ±5◦ had a comparable effect as a blade
root deflection of 1◦. Koratkar & Chopra (2002) designed a piezoelectric trailing edge flap and
tested it on a model helicopter rotor in a wind tunnel. The flap deflection amplitude was of the
order of 7◦ and enabled a vibration reduction of 80 − 95 % with a close-loop controller.

Piezoelectric actuators have also been applied for active twist blade actuation. Bernhard &
Chopra (1996) and Wells & Glinka (1997) designed and numerically investigated a blade-
internal actuator to solely actuate a pivoted blade tip, a so-called flip-tip. The separate blade tip
was dynamically tested on an unloaded rotor and exhibited deflections of up to ±1.25◦. Other
active twist concepts are based on radially distributed twist actuators that integrally twist the en-
tire rotor blade. In 1997, Chen & Chopra tested a Froude-scaled active twist rotor model under
hover conditions, resulting in ±0.4◦ twist at the blade tips. In 1997, NASA, the US Army, and
MIT began a collaboration in the Active Twist Rotor (ATR) project, with the goal of demonstrat-
ing the active twist concept on a model rotor during forward flight. The ATR rotor was tested in
hover (Wilbur et al. 2001) and in a wind tunnel (Wilbur & Yeager 2002), where it demonstrated
a tip twist response of 0.75◦ − 1.5◦ with a vibration reduction for certain targeted frequencies
by up to 100%, at a power requirement of < 1% of the rotor power.

Concluding remarks about measures against BVI

The high control authority of the active twist actuation concept, in combination with its small
power requirement, led to the creation of the smart-twisting active rotor (STAR) consortium,
consisting of DLR, ONERA, NASA, the US Army AFDD, JAXA, Konkuk University, and
KARI. The goal of this cooperation was to manufacture an active twist rotor and demonstrate
its control authority over BVI effects during a wind tunnel test. In preparation for the wind
tunnel entry, a hover test was conducted in the rotor preparation hall at DLR Braunschweig,
as described by Hoffmann et al. (2014). The vortex characterization presented in Chapter 3 is
based on this hover test and contains a detailed analysis of the effects of active twist actuation
on the shed blade tip vortices.
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Active rotor control concepts – such as the ones presented in the previous chapter – have a
high potential for the reduction of blade-vortex interaction (BVI)-induced vibrations and

noise on helicopter rotors. The active twist concept showed especially promising results in
previous tests (Chen & Chopra 1997, Wilbur et al. 2001, Wilbur & Yeager 2002, see Sub-
section 2.2.2 for details). An active twist rotor based on the design of the 41 % Mach-scaled
BO 105 blades was designed and tested within the smart-twisting active rotor (STAR) project.
The project was funded by a consortium consisting of DLR, ONERA, NASA, US Army AFDD,
JAXA, Konkuk University, and KARI. Its goal was to demonstrate the control authority of an
active twist rotor over BVI effects during a measurement campaign in the large low-speed fa-
cility (LLF) wind tunnel of the DNW. In preparation for this wind tunnel entry, a hover test
was conducted in the rotor preparation hall at DLR Braunschweig. The test comprised mea-
surements of the rotor hub forces and moments, optical and on-blade acquisition of the blade
angles and deformations, on-blade pressure measurements, and a characterization of the young
blade tip vortices via high-speed stereoscopic particle image velocimetry (PIV) and high-speed
stereoscopic background-oriented schlieren (BOS) measurements. An overview of the test pro-
gram with representative results and a preliminary PIV evaluation was given by Hoffmann et al.
(2014), and some of the PIV results presented in this chapter have already been published by
Bauknecht et al. (2015).

A description of the relevant measurement techniques for this study – such as PIV and the BOS
method – is given in Section 3.1. The hover test setup is described in Section 3.2, followed by a
description of the data processing methods (Section 3.3) that were utilized for the data analysis
in this study. Results of an unactuated baseline (BL) case are presented in Section 4.1. A thrust
variation study was conducted and is analyzed in Section 4.2. The results of the active twist ac-
tuation cases with different actuation frequencies between 1 and 5 per revolution (1/rev− 5/rev)
are given in Section 4.3. Finally, the results of the STAR test are summarized in Section 4.4.

The temporal resolution of the PIV recordings allowed for the analysis of time-resolved vortex
trajectories for all test cases. Characteristic vortex properties such as the maximum axial veloc-
ity Vz, peak swirl velocity Vθ, and the core radius rc were computed based on individual veloc-
ity fields and individually averaged. By conducting both PIV and BOS measurements, a com-
parison of vortex trajectories obtained from the two measurement systems is possible. Highly
resolved laser speckle-illuminated BOS (Meier & Roesgen 2013) allowed for the reconstruc-
tion of the density within the vortex core for multiple test cases. The combined results of the
PIV and BOS measurements enabled an investigation of the effects of the active twist actuation
on the blade tip vortex system of the STAR rotor under hover condition.

17
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3.1 Measurement Techniques

A description of the measurement techniques applied for the STAR hover test is given below.
As particle image velocimetry has become a standard measurement technique, it will only be
explained briefly in Subsection 3.1.1. The behavior of PIV seeding particles is characterized in
Subsection 3.1.2, and the basics of a high-speed stereoscopic PIV setup are covered in Subsec-
tion 3.1.3, followed by a literature review about the application of PIV to rotor flow in Subsec-
tion 3.1.4. The principles of the background-oriented schlieren method are presented in Sub-
section 3.1.5, and a laser-speckle illuminated variant of BOS is introduced in Subsection 3.1.6.

3.1.1 Particle image velocimetry

PIV has been used for over three decades and has become a standard measurement technique
in experimental fluid dynamics. Its principles are described in detail by Adrian & Westerweel
(2011) and Raffel et al. (2007) and will only be summed up briefly here. PIV is an optical,
indirect, and non-intrusive method for the instantaneous measurement of two to three compo-
nents (2C,3C) of the velocity in a quasi-two- or three-dimensional (2D,3D) measurement do-
main. Figure 3.1 depicts a standard PIV setup for a wind tunnel measurement, after Raffel et
al. (2007). It consists of a pulsed light source, such as a laser, to create a thin light sheet within
the flow field using light sheet optics and mirrors. The light source produces two light pulses
that illuminate tracer particles within the flow at two consecutive points in time t and t′ with
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Figure 3.1: Basic PIV setup in a wind tunnel, after Raffel et al. (2007)
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a well-defined time delay ∆t in between. The illuminated particles are imaged by a (digital)
camera with its image plane positioned parallel to the light sheet. State-of-the-art double-frame
cameras capture the two particle images in two different frames, as indicated in the bottom left
corner of Fig. 3.1. The recorded particle images are evaluated by splitting the image plane into
smaller interrogation windows and computing the average displacement within these sub-fields
via cross-correlation between the two frames. The resolution of the displacement field is de-
termined by the size of the interrogation windows Lm, but can be increased by introducing an
overlap for the interrogation windows. The velocity field V is computed from the imaged parti-
cle displacements d = (dx, dy) and the time delay (pulse separation time) ∆t as:

V =
d

M∆t
=

D
∆t

(3.1)

where M is the magnification factor between the imaged displacements dx = x′−x and dy = y′−y
and the physical particle displacements Dx = X′−X and Dy = Y ′−Y in the measurement plane.

It is understood that the cross-correlation algorithms used for the PIV evaluation are of a statis-
tical nature and represent the mean velocity of the particles within an interrogation window. To
resolve high gradients in the flow field, the size of the interrogation windows has to therefore be
as small as possible. The limit of this size reduction is given by a minimum number of particles
that have to be present in the interrogation window in both PIV frames. The particle displace-
ment should therefore not exceed 1/4 of the interrogation window size (Adrian 1991), which
limits the pulse separation time of the laser ∆t and the accuracy of the measurement. Adap-
tive grid interrogation schemes, such as the multi-grid method (Scarano & Riethmuller 1999),
can be applied to circumvent this restriction. The adaptive multi-grid scheme is based on the
evaluation of a large particle displacement via a cascade of interrogation windows with succes-
sively decreasing size. The initial large interrogation window has to fulfill the 1/4 rule stated
by Adrian and is used to predict a coarse particle displacement that is then used to restrict the
search area for a refined interrogation window of smaller size. This evaluation scheme thus
combines high measurement accuracy through a large particle displacement and a high mea-
surement resolution through the small final interrogation windows.

The mean particle displacement between two interrogation windows is evaluated by detecting a
peak in the corresponding correlation map. The accuracy of this peak detection – and thus the
determination of the imaged particle displacements – can reach 0.01 pixels by using subpixel
correlation peak detection algorithms (Raffel et al. 2007). To achieve this subpixel accuracy, the
recorded particle images have to be larger than 1 pixel to avoid the so-called peak locking effect.
This effect refers to the tendency of a continuous distribution of particle displacements to be
shifted towards integer pixel values, and is caused by the discrete size of the image sensor. Peak
locking is just one of the adverse effects of inappropriate tracer particles for PIV, as discussed
in the following section.

3.1.2 Seeding particle behavior

As mentioned earlier, PIV is an indirect velocity measurement technique that is based on the dis-
placement detection of tracer particles that are added to the flow. According to Adrian (1991), a
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meaningful data evaluation requires between 10 and 20 particles within each interrogation win-
dow. A high seeding density is thus necessary to decrease the interrogation window size and
achieve a high spatial resolution of the velocity field. For measurements in air, this is typically
achieved by employing seeding generators that either evaporate or atomize oil. The diameter of
the tracer particles dP is a crucial factor for PIV. The particles – and thus their inertia – have to
be reasonably small to follow an accelerating flow with negligible lag. Raffel et al. (2007) de-
scribed the velocity lag ∆V between a spherical particle with the velocity VP and a continuously
accelerating flow field with the velocity V∞ by Eq. (3.2):

∆V = VP − V∞ = d2
P
ρP − ρ

18µ
a∞ (3.2)

where a∞ is the acceleration, µ the dynamic viscosity of the fluid, and ρP and ρ are the densities
of the particle and the fluid, respectively. The tracking behavior of particles becomes especially
important for the study of shock waves and high curvature flows, such as the flow field in the
vicinity of a strong vortex. Here, the particle lag is integrated from the generation of the vortex
to the moment the particle image is captured, leading to a reduced seeding density in the vortex
core that can be too low for adequate measurements (Raffel et al. 2007).

The need for small particles to achieve a lag-free tracking of the fluid motion conflicts with the
requirement for large particles to achieve an appropriate light scattering intensity and to enable
the use of subpixel peak detection algorithms for a high accuracy data evaluation. Spherical
particles that are much smaller than the wavelength λw of the illuminating light (� 0.5 µm for
green laser light) scatter this incident light according to the Rayleigh model with an intensity
variation proportional to d6

P. Particles that are larger than λw are described by the scattering
theory of Mie (van de Hulst 1957). For green laser light, the Mie scattering domain begins
around particle diameters of dP ≈ 1 µm and describes the scattered light intensity as proportional
to d2

P. A characteristic parameter for the Mie solution is the normalized diameter:

qP =
πdP

λw
(3.3)

If qP is greater than one, the angular intensity distribution of the scattering in Fig. 3.2 (from
Raffel et al. 2007) has approximately qP local maxima over the angular range from 0◦ to 180◦.
Characteristic properties of the Mie scattering are the highly increased light intensity in the for-
ward direction (forward scattering), moderate light intensity in the backward direction (back-
ward scattering) and relatively small emission perpendicular to the incident light, as visible in
Fig. 3.2. It is therefore advantageous to make use of the forward-scattered light in a PIV setup.
The intensity distribution of Fig. 3.2 exhibits fluctuations in scattered light intensity for different
observation angles. For densely seeded flow, these fluctuations are reduced by fractions of light
that have been scattered by more than one particle (so-called multi-scattering) before reaching
the image plane. This effect can increase the imaged peak intensity in a PIV recording, but si-
multaneously raises the background noise level, which typically results in a decreased signal-
to-noise ratio (Raffel et al. 2007).

For small particle diameters, the optical camera setup can reach its physical limit, also referred
to as diffraction limited imaging. The minimum particle image diameter ddiff of such a system



3.1 Measurement Techniques 21

5 7
1010

3
10

Light
10

0o 180o

Figure 3.2: Angular intensity distribution of the Mie scattering for a 1 µm oil particle in air and
incident light with λw = 532 nm, after Raffel et al. (2007)

is approximated as (Adrian & Yao 1985):

ddiff = 2.44 f#(M + 1)λw (3.4)

where f# is the f-number, the ratio between the focal length f and the diameter of the aperture
Da, and M is the magnification factor, which is defined as:

M =
z0

Z0
(3.5)

with the distance between the object plane and the lens Z0, and the distance between the lens
and the image plane z0. For larger particles, the size of the particle images increasingly depends
on the geometric imaging. Neglecting lens aberrations, the particle image diameter can then be
approximated by the Airy function (Adrian & Yao 1985):

dτ =

√
(MdP)2 + d2

diff (3.6)

The performance of a real optical system with a large aperture diameter is reduced by lens aber-
ration effects. The contrast or image modulation constitutes a practical measure for the char-
acterization of such a real optical system. The variation of the image modulation for different
spatial frequencies is described by the modulation transfer function (MTF). This transfer func-
tion therefore describes the contrast reproducibility of the lens for characteristic frequencies r′

that are commonly expressed as lines per mm. Based on the MTF, Raffel et al. (2007) give an
approximation for the imaged particle diameter of a real optical system:

dτ ≈

√
−0.64

ln[MTF(r′)]
r′2

−

( M
2r′

)2

(3.7)

Typical PIV seeding contains a distribution of particle sizes, as shown for atomized
di-ethyl-hexyl-sebacate (DEHS) particles in Fig. 3.3 (Raffel 2015). The curves in Fig. 3.3 rep-
resent the probability density functions (PDF) of the distribution of particle diameters (q1),
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Figure 3.3: PDF of particle sizes of atomized DEHS with distribution of length (q1, red curve),
area (q2, black), and volume (q3, blue), after Raffel (2015)

particle cross sections (q2), and particle volumes (q3). The maximum of the q1 distribution
(dP = 0.21 µm for DEHS) is commonly mentioned in literature. For practical PIV applications,
particles of this size contribute little to the evaluated velocity field, which is dominated by the
larger and brighter particles. The area-weighted distribution (q2) better represents the particle
visibility in the PIV raw images, as its proportionality with d2

P matches the Mie solution for the
intensity of particle-scattered light.

Finally, it should be noted that the concurrence of a seeding void within a vortical flow field and
the statistical nature of the interrogation window-based PIV evaluation can affect the velocity
output. If the interrogation window partially overlaps an area of inappropriate seeding density,
the void area will not influence the corresponding correlation peak. The resulting velocity vec-
tor thus only corresponds to the mean velocity within the well-seeded part of the interrogation
window and should therefore be shifted away from the void. Moving the interrogation window
further into the seeding void will eventually and abruptly cause the loss of a distinct correlation
peak and produce a zero correlation, i.e. a vanishing particle displacement. The velocity gradi-
ent at the edge of a seeding void is therefore increased, which partially counteracts the spatial av-
eraging effect of the interrogation windows. This restriction of PIV should be considered when
measuring velocities in a flow domain with high vorticity and inhomogeneous seeding density.

3.1.3 Stereoscopic particle image velocimetry

The velocity component perpendicular to the laser light sheet – i.e. the out-of-plane velocity
component – has a strong influence on the imaged particle displacements (dx = x′i − xi and dy =

y′i−yi) for 3D flows, as illustrated in Fig. 3.4. This velocity component cannot be evaluated with
a single camera and results in an uncertainty of the in-plane velocity components. The influence
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Figure 3.4: Imaging of a particle in the light sheet on the rec. plane, after Raffel et al. (2007)

of the out-of-plane component on the in-plane displacements is described by (Raffel et al. 2007):

dx = x′i − xi = −M
(
Dx + Dz x′i/z0

)
(3.8)

dy = y′i − yi = −M
(
Dy + Dz y′i/z0

)
(3.9)

where D = (Dx,Dy,Dz) defines the particle displacement in physical space. Eqs. (3.8) and
(3.9) simplify considerably for a negligible out-of-plane displacement Dz. For large out-of-
plane components and highly 3D flow, it is crucial to capture Dz to prevent in-plane velocity
errors in the range of > 15 % (Raffel et al. 2007). This is typically accomplished by utilizing
a stereoscopic camera setup, as depicted in Fig. 3.5. To achieve a high precision of the out-of-
plane component, the opening angle between the two cameras has to be around 90◦. For large
setups, this requires the cameras to be mounted on separate support structures. The object plane
in the light sheet is imaged with an angle of about α = 45◦ in a stereoscopic setup, which – in
combination with a limited depth of field – causes part of the field of view to be out of focus.
To sharply image the entire field of view, the cameras are mounted in a so-called Scheimpflug
arrangement (Scheimpflug 1904). Following the Scheimpflug criterion, the image plane is
tilted by an angle ψ with respect to the lens plane, in order for the object plane, lens plane and
image plane of each camera to intersect in a common line. The half opening angles α1 and α2

of cameras 1 and 2, respectively, are defined in the x − z plane depicted in Fig. 3.5. The half
opening angles β1 and β2 are defined accordingly in the y − z plane. With these definitions, the
three velocity components u, v,w in the object plane are expressed as (Raffel et al. 2007):

u =
u1 tanα2 + u2 tanα1

tanα1 + tanα2
(3.10)

v =
v1 tan β2 + v2 tan β1

tan β1 + tan β2
(3.11)

w =
u1 − u2

tanα1 + tanα2
=

v1 − v2

tan β1 + tan β2
(3.12)

It is noted that the system of Eqs. (3.10 – 3.12) contains three unknown velocities and four
known input values, and thus is overdetermined and has to be solved iteratively. The evaluation
of velocities from a stereoscopic PIV setup requires exact knowledge of the relative camera
positions and orientations, as well as the angles between the image, lens, and object planes.
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Figure 3.5: Stereoscopic PIV setup in Scheimpflug configuration, after Raffel et al. (2007)

Furthermore, the image mapping function of a stereoscopic camera is more complex than for a
single camera with an orthogonal viewing angle and results in a trapezoid field of view in the
object plane. It is thus necessary to calibrate the two cameras together before reconstructing
the 3C velocity field. Van Oord (1997) proposed an approximate mapping function between the
image (x, y) and object plane (X,Y):

X =
f x sinψ

M0 sin θ (x sinψ + f M0)
(3.13)

Y =
f y

x sinψ + f M0
(3.14)

with the focal length f, the nominal magnification factor M0, and the exact angles ψ and θ
between the image, lens, and object planes. The formulations in Eqs. (3.13) and (3.14) do not
include non-linear effects such as lens distortions and are very sensitive to inaccuracies in the
input parameters. A second order image mapping approach is a more robust alternative that has
frequently been employed (van Oord 1997):

X = a0 + a1x + a2y + a3x2 + a4xy + a5y2 (3.15)

Y = b0 + b1x + b2y + b3x2 + b4xy + b5y2 (3.16)

Eqs. (3.15) and (3.16) describe the camera calibration without knowledge of the exact geometry,
and can also account for lens distortions and other non-linear effects. The twelve unknown
parameters ai and bi can be determined by a least-squares method for a minimum of six point
pairs for the image and object plane. This is commonly realized by imaging a 2D calibration
target with structures such as dots or lines in different positions parallel to the laser light sheet, or
by imaging a 3D multi-level calibration target with markers at different exactly defined heights.
This calibration approach assumes that the calibration target is exactly aligned with the laser
light sheet, which is not always the case or even feasible. The residual offset between target and
the center of the light sheet has to be compensated, as small target misalignments cause errors
in the reconstructed velocity field. This is commonly done by performing a so-called disparity
correction or self-calibration. This correction is based on the cross-correlation of two mapped
particle images that were simultaneously recorded by the two cameras. The corresponding
disparity map is then used to compute the real position of the target within the light sheet.
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3.1.4 PIV on rotors and its predecessors

The flow field around a helicopter rotor and the corresponding tip vortices is highly 3D and dy-
namic. Compared with a fixed-wing, the tip vortices possess a strong curvature and can undergo
interactions with the rotor blades and the fuselage. Especially the blade-vortex interactions are
of high interest due to their impact on the helicopter’s sound emission, as already discussed in
Subsection 2.2.1. An overview of the extensive research on rotor aerodynamics is given here.

A large number of experiments have been conducted over the past decades to advance our
understanding of the complex flow field around (model) helicopter rotors. The first studies
on helicopter blade tip vortices were conducted by whole-field flow visualization with smoke
(e.g. Gray 1956, Simons et al. 1966, Landgrebe 1971) and by seeding the tip vortex with smoke
(Spencer 1970). Quantitative flow investigations on rotors by conventional measurement tech-
niques started in the 1960s. Simons et al. (1966) investigated the velocity profile of a blade tip
vortex under forward flight condition via hot-wire anemometry. Boatwright (1972) measured
the same velocity profile for a hovering full-scale rotor using a split-film anemometer.

Starting in the early 1970s, the conventional velocity measurement techniques were replaced by
the non-invasive, optical laser Doppler velocimetry (LDV). Scully & Sullivan (1972) and Sulli-
van (1973) were among the first to apply LDV on hovering model rotors. In 1988, Thompson et
al. made highly resolved measurements of the swirl velocity profile and core radius of a vortex
shed from a single-bladed hovering rotor. With the ongoing development of lasers, flow visu-
alization via laser light sheet illumination arose. This technique was applied e.g. by Leighty et
al. (1991), Ghee & Elliott (1992, 1995), and Splettstoesser et al. (1995) for the detection of vor-
tex trajectories under hover and forward flight conditions. Further improvements of the LDV
technique allowed for finer resolution and the determination of a 3C velocity field around the
tip vortex (McAlister et al. 1995, Boutier et al. 1996). Studies like the one published by De-
venport et al. (1996) found that the accuracy of LDV was limited by a random variation of the
blade tip and vortex positions, also referred to as vortex meandering or aperiodicity. Common
countermeasures minimized the meandering of the rotor wake by reducing the blade number Nb

to one, preventing recirculation and wall effects, and ensuring a low turbulence intensity in the
rotor inflow (Leishman et al. 1996, Han et al. 1997). Various LDV studies focused on the de-
tailed measurement of the peak values and temporal developments of the axial and swirl veloc-
ity components, as well as the core radius and circulation (Bhagwat & Leishman 1998, Martin
et al. 2000b). This experimental data resulted in the formulation and improvement of the vortex
models presented in Subsection 2.1.4. In 1998, a statistical aperiodicity analysis was developed
for the partial compensation of the vortex meandering (Leishman 1998, Martin et al. 2000a).

The development of the particle image velocimetry (PIV) enabled a second approach to deal
with the aperiodic vortex movement by instantaneously acquiring the entire flow field around the
vortex. Saripalli (1995), Raffel et al. (1996), and Murashige et al. (1997) were among the first to
successfully apply PIV on helicopter rotors. Studies from Raffel et al. (1998a) and Ramasamy
& Leishman (2006b) compared results from simultaneous PIV and LDV measurements and
promoted the validation of PIV as a reliable tool for blade tip vortex investigations. Multiple
publications about PIV on rotors addressed technical aspects and the challenges involved with
measuring increasingly larger rotors in simulated hover and wind tunnel tests (see e.g. Raffel et
al. 1998b, Richard & Raffel 2002, Raffel et al. 2004, Kindler et al. 2009, Norman et al. 2011).
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The higher harmonic control aeroacoustic rotor tests (HART I & II) have been described in
Subsection 2.2.2 and are briefly mentioned here again, as they represent two milestones of LDV
and PIV application on rotorcraft. HART I included LDV measurements for the characterization
of blade tip vortices. The HART II test comprised stereoscopic PIV measurements that resulted
in vortex core radius and swirl distribution data in different parts of the rotor plane (Burley et al.
2002, van der Wall & Richard 2006, Burley et al. 2006). The HART projects were succeeded
by the hover tip vortex structure (HOTIS) test, which aimed at complementing the HART II
data with comprehensive hover tip vortex data (Richard et al. 2006, van der Wall & Richard
2008). High resolution two- and three-component (2C,3C) PIV measurements were conducted
on the HART rotor in the rotor preparation hall at DLR Braunschweig. The tests included an
assessment of the influences of interrogation window size and overlap on the vortex parameters,
which will be discussed in detail in Subsection 3.3.2. The results of the test comprised blade tip
deflections, vortex trajectories, an analysis of vortex meandering, and – for the first time – the
combination of several averaged velocity fields for the 3D reconstruction of a vortex segment.

Other notable applications of PIV on rotors in wind tunnel tests include tip vortex characteri-
zations by Yamauchi et al. (1999) and Kato et al. (2003), as well as full-scale wind tunnel tests
by Wadcock et al. (2011) and Yamauchi et al. (2012) with stereoscopic PIV measurements for
the localization and characterization of vortices on the advancing blade side. In 2000, Heineck
et al. performed PIV measurements on a hovering rotor to study the trajectories of the trailing
vortices. McAlister et al. (2001a, 2003) applied stereoscopic PIV on similar rotors and inves-
tigated the temporal development of the core radius and peak swirl velocity. During these in-
vestigations, McAlister et al. did not find a clear trend for young vortices with a wake age of
ψv < 30◦. Johnson et al. (2010) found similar inconsistent trends for vortex ages of ψv < 15◦,
indicating ongoing vortex roll-up. Ramasamy et al. (2010) conducted a PIV experiment which
focused on the comparison of an untwisted and a highly twisted rotor and showed the differ-
ences in circulation distribution, vortex strength, and the flow field behind the entire blade. A
second experiment by Ramasamy et al. (2011) was a close-up, high resolution investigation of
the vortices that focused on the swirl velocity profiles and the influence of the seeding void.
Milluzzo & Leishman (2013) performed a hover test on a model rotor and focused on the track-
ing and characterization of vortices up to a high vortex age of ψv = 420◦.

In addition to these model rotor tests, Raffel et al. (2001) and Kindler et al. (2009, 2011) per-
formed PIV measurements on the tip vortices of a BO 105 helicopter that was bound to the
ground. They investigated the swirl velocity profiles, vortex meandering, and vortex asymme-
try and successfully demonstrated the first applications of PIV on a real helicopter.

The application of PIV to rotor flow continues to shed light on the complex aerodynamic mech-
anisms of the creation, convection, interaction, and break-down of blade tip vortices. The stud-
ies described above also illustrate some of the challenging technical aspects of flow field mea-
surements on model rotors. The trailing vortices of rotors are among the strongest that can be
artificially produced, and the associated high velocity gradients and seeding voids push modern
PIV grid deformation methods to their limits. The large cycle-to-cycle variations of the blade
and vortex motion necessitate elaborate aperiodicity corrections and precise azimuthal trigger-
ing of the measurements. Finally, the investigation of undisturbed vortices implies the elimina-
tion of wake recirculation and ground effects – a requirement that often conflicts with the avail-
able test facilities and safety considerations.
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3.1.5 Background-oriented schlieren (BOS) technique

Schlieren-based methods have a long tradition in flow diagnostics (Tangler 1977, Merzkirch
1981, Bagai & Leishman 1993). They visualize and quantify the spatial gradient of the fluid’s
density ρ, which manifests as an optical distortion due to alteration of the refractive index n.
This relation is generally described by the Lorentz-Lorenz equation and can be simplified for
gaseous media to the Gladstone-Dale equation

n − 1 = G ρ (3.17)

where the Gladstone-Dale constant G weakly depends on the wavelength of the light and can be
assumed constant in the visible range. When passing through a medium with density variations,
incident light rays are reproducibly refracted. For classical methods like the Toepler schlieren
photography (Toepler 1864) or the strobed schlieren technique (Tangler 1977), the deflected
beams are cut off using a knife edge, resulting in imaged light intensity variations proportional
to the first spatial derivative of the fluid’s density. The refracted rays are directly projected onto
a screen for the shadowgraph technique (Light et al. 1999), which reduces the complexity of the
optical setup and enables measurements with larger fields of view (FOV). For the shadowgraph
technique, the imaged light intensity on the screen varies proportional to the second spatial
derivative of the fluid’s density. An example for the visualization of a rotor blade-tip vortex
with the shadowgraph technique is given by Bagai & Leishman (1993) in Fig. 3.6.

The BOS technique is a simplified derivative of the other schlieren techniques and most closely
related to laser speckle density photography (Debrus et al. 1972, Köpf 1972), but without the
need for coherent laser illumination. The BOS method is based on the analysis of digital im-

Figure 3.6: Shadowgraph of a rotor tip vortex, after Bagai & Leishman (1993)
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age displacements of two-dimensional background structures that are recorded through a fluid
containing spatial density gradients. It can be described as a more quantitative acquisition of a
mirage or fata morgana. The BOS technique was first described by Dalziel et al. in 2000 with
the term dot pattern refractometry as a variation of the so-called synthetic schlieren technique
(Dalziel 1998). A publication from Raffel et al. (2000b) also focused on the principle of the BOS
technique and described its application to the visualization of blade-tip vortices on a full-scale
helicopter in hover flight. A patent application of Meier was also published in 2000. It included
visualization results of a supersonic free jet that were recorded and also separately published
by Richard et al. (2000). This article of Richard et al. (2000) also focused on the aspect of den-
sity reconstruction from BOS data. A second publication from Raffel et al. (2000a) described a
reference-free and natural background variation of the conventional BOS technique with an ap-
plication to a full-scale helicopter in-flight, which will be explained in Subsection 5.1.3.

The experimental setup for the BOS method requires only few components and is suitable for
full-scale applications. The underlying principle of the standard BOS approach is described
here according to Richard & Raffel (2001): A (digital) camera is focused on a random dot back-
ground pattern behind the measurement volume or wind tunnel test section, see Fig. 3.7. Prior
to or after the acquisition of measurement images, a reference image is taken of the undisturbed
background (top of Fig. 3.7). A second image is acquired during the experiment with a phase
object (i.e. density gradient) located in the line-of-sight (bottom of Fig. 3.7). The corresponding
refractions of the light rays evoke apparent shifts of the recorded background pattern, which are
evaluated by comparison to the reference image using sectional cross-correlation algorithms as
described by Raffel et al. (2007). The angular deflection εy of the light rays due to a variation
in the refractive index n can be written after Venkatakrishnan & Meier (2004) as:

tan(εy) =

∫ ZB

0

1
n
∂n
∂y

dz (3.18)

This expression yields an integral measure of the density fluctuations along the line-of-sight z.
The method works best for spatially delimited density variations – such as tip vortices – within
an undisturbed and homogeneous environment. With the assumption of small deflection angles,
the apparent displacement ∆y of the recorded background in the image plane is expressed as

∆y = ZDMBεy (3.19)

with the background magnification factor MB = Zi/ZB, based on the distances between the im-
age plane and camera lens Zi, between the density variation and background ZD, and between
the lens and background ZB.

For the case of a rotationally symmetrical phase object or multiple camera perspectives of an
unsymmetrical phase object, the 3D density field can be reconstructed from the 2D displace-
ments ∆y, as described by Richard et al. (2000) and Venkatakrishnan & Meier (2004). The re-
construction of the density field is limited to highly spatially resolved phase objects due to the
spatial averaging effect of the cross-correlation evaluation and the corresponding decrease of
the computed displacement magnitudes and integrated density differences. Subsection 3.3.10
contains a description of the density reconstruction carried out in the present work. The result-
ing density distributions of trailing vortices will be discussed in Subsection 4.2.3.
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Figure 3.7: Principle of the standard BOS setup after Bauknecht et al. (2014b); top: reference,
bottom: measurement image

In general, the background pattern used for the BOS measurements is to be adapted to the cam-
era setup and should contain the highest spatial frequency that can be imaged by the camera,
resulting in favorable image intensity distributions for the cross-correlation evaluation. In addi-
tion, a high contrast of the background increases the signal-to-noise ratio and allows for small
exposure times. For laboratory applications, these conditions are usually met by printing a ran-
dom dot pattern of adapted dot size and density onto a retro-reflective screen which is illumi-
nated by a light source close to the optical axis of the camera for maximum light intensity.

3.1.6 Laser speckle-illuminated BOS

The laser speckle-illuminated BOS (LS-BOS) method is a variant of the standard BOS tech-
nique and was published by Meier & Roesgen in 2013. The principle is similar to the classical
BOS method and illustrated in Fig. 3.8. In addition to the nomenclature introduced in Fig. 3.7,
the physical position of the background screen ZS is introduced and the independent position of
the camera focal plane is indicated by ZD. The LS-BOS method is comparable with earlier work
of Debrus et al. (1972), Köpf (1972) and Wernekinck & Merzkirch (1987). It utilizes coher-
ent laser light for the illumination of a bare background screen with suitable surface roughness,
which is observed by a camera. Due to the spatially random phase of the back-scattered laser
light, a speckle pattern is created by interference on the camera sensor’s surface. The speckle
pattern is constant for a stable and equalized laser and camera setup, and can thus replace the
printed dot pattern on the background. Changes of the refractive index within the line-of-sight
lead to displacements of the speckle pattern, which can be evaluated similar to BOS images.

The maximum achievable sensitivity of the standard BOS setup ∆y → Ziεy is reached for
ZD → ∞. For the LS-BOS method, the laser illumination can be set up coaxially with the cam-
era view, e.g. by using total reflection on a suitably tilted glass plate within the line-of-sight.
Consequently, the laser light passes the phase object twice, which increases the maximum sen-
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Figure 3.8: Principle of the laser speckle-illuminated BOS setup

sitivity to ∆y→ 2Ziεy for ZD → ∞, as shown by Meier & Roesgen (2013). By shifting the focal
plane to the position of the phase object (ZD = 0), the setup is operated as a speckle interfer-
ometer, as described by Debrus et al. (1972). With this setup, the measurable displacement be-
comes ∆y = −MZS tan εy, which can be arbitrarily increased by moving the background screen
to large distances ZS. In addition to the advantages of the possible setup variants, the LS-BOS
method features an increased light intensity, which leads to an improved signal-to-noise ratio of
the measurement images and allows the usage of smaller lens aperture sizes.

3.2 STAR hover test setup

A hover test was conducted within the STAR project as part of the preparations for a planned
wind-tunnel test. The preliminary hover test comprised high-speed PIV and BOS measurements
to investigate the effects of the twist actuation on the blade tip vortices. The following subsec-
tions are based on the publication of Bauknecht et al. (2015) and contain a description of the
rotor test stand (Subsection 3.2.1), the active twist actuation (Subsection 3.2.2), the high-speed
PIV setup (Subsection 3.2.3), and the high-speed BOS setup (Subsection 3.2.4).

3.2.1 Hover test facility and rotor test rig

The hover test of the STAR rotor was conducted in the rotor preparation hall at DLR Braun-
schweig. The test chamber had a size of 12 m × 12 m × 8 m – compared to a rotor radius of R =

2 m – and featured a vertical traversing system for mounting the DLR rotor test rig ROTEST II
(Gelhaar et al. 1993), as shown in Fig. 3.9. Besides the traversing system, the room contained
only one other big structure; the support for a camera that recorded the blade tip positions. The
components of the PIV and BOS setups were positioned close to the ground to minimize their
effect on the rotor flow. The test rig was attached to the vertical traversing system by a horizon-
tal beam, and also loosely connected to the floor via two support struts with a limited clearance.
These struts change the characteristic frequency of the test stand in case of a ground resonance
during rotor run up and prevent a resonance catastrophe. The ROTEST II test rig consists of a
main rotor drive system that is powered by a 160 kW hydraulic motor, a swash plate actuation
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Figure 3.9: STAR hover test facility with ROTEST II test rig

system, a six-component rotor balance, and a data acquisition and triggering system for the ro-
tating frame. The test rig also featured two slip rings: one for the power supply and signal trans-
mission for sensors that were implemented into the blades, and a high-voltage slip ring for the
transmission of high-voltage control signals for the twist actuators. A transputer-based TEDAS
II computer recorded the rotor balance and sensor data with a sampling rate of 128/rev (≈
2.22 kHz). An azimuth encoder on the rotor shaft triggered the acquisition system with a 1/rev
reference signal and ensured that the data recording was synchronized with the rotor rotation.

During the hover experiment, the test rig with the STAR rotor blades was horizontally centered
in the rotor hall with a minimum tip distance of 2 R = 4 m to the walls. The rotor hub was placed
at a height of 1.38 R = 2.76 m above the ground without inclination of the rotor tip path plane.
The rotor was thus operated within a recirculating flow field and in moderate ground effect. The
rotor speed was a nominal 1041 rpm (Ω = 109 rad/s), with a tip speed Vtip = 218 m/s, and a
corresponding tip Mach number of Mtip = 0.63. A nominal rotor thrust of T = 3580 N had been
planned for the STAR wind tunnel test. The thrust was reduced to T = 2450 N for the hover
test, due to an increasing unsteadiness of the flow and the rotor dynamics above this level. The
reduced nominal thrust corresponded to a thrust coefficient of CT = T/(ρ∞πΩ2R4) = 0.0035
and a blade loading of CT/σ = 0.045, with the rotor solidity σ = Nbc/(πR) and the number of
blades Nb. The reduced thrust level ensured a meaningful analysis of the impact of active twist
actuation on the trajectories and properties of the blade tip vortices, and on the blade tip motion.

Two optical systems were applied to independently measure the blade (tip) deformations. The
tip deformation was acquired with the previously mentioned single camera system from the
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DLR at an azimuthal position of Ψ = 270◦ by tracking two light emitting diodes (LEDs) em-
bedded in the blade tip caps. The blade deformation along the span was measured at Ψ = 180◦

by a dual camera stereo pattern recognition (SPR) system. The SPR study was conducted by
the German-Dutch wind tunnels organization (DNW) after the PIV and BOS measurements to
prevent mutual disturbance. A description of both systems is given by Hoffmann et al. (2014).

3.2.2 Active twist actuation

The STAR active twist blades were designed and manufactured based on a 41 % scaled geom-
etry of the BO 105 rotor blades, which was operated at the full-scale Mach number and 41 %
of the full-scale Reynolds number. Conclusive descriptions of the manufacturing, build-up, and
previous testing of the STAR rotor blades are given by Wierach et al. (2007), and Hoffmann
et al. (2009, 2014). Five rotor blades including one back-up blade were produced, as shown
in Fig. 3.10. The blades had a radius of R = 2 m and a chord length of c = 0.121 m. The
four-bladed STAR model rotor was fully articulated, had no pre-cone, and was operated with
a clockwise sense of rotation. The blades were designed to have a linear pre-twist of −8◦/R
that started at a radial position of r = 0.44 m. The real pre-twist differed from the design value
due to manufacturing complications, resulting in each blade having a different pre-twist in the
range of −10.3◦/R and −11.3◦/R. Twelve piezoceramic macro fiber composite (MFC) actua-
tors (Riemenschneider et al. 2007) were integrated both into the upper and lower blade skin to
generate the active blade twist. The actuators worked in a fiber direction of ±45◦ towards the
spanwise direction depending on the lower and upper side. The span-wise distribution of the
actuators is illustrated in Fig. 3.10 by the marked outermost actuator of blade 4.

Figure 3.11 shows a cut along the chord-wise direction of blade 3. The blades were manufac-
tured in two parts and glued together via an adhesive film. The inner part of the blade consists
of a foam core, a glass fiber reinforced plastic (GFRP) C-spar, sensor and actuator cables, and
two weights made from tungsten and bronze to balance the blade. The outer part is made up
of two GFRP layers and the actuators on the lower and upper surface. Potentiometers were in-
tegrated into the lead-lag and flap hinges and the attachment of each blade at r = 0.0375 R to
measure the blade angles. In addition to these external sensors, the set of active twist blades was
equipped with 14 strain gages to measure the flap-bending, lead lag, and torsion moments, 24

Figure 3.10: STAR active twist rotor blades with MFC actuators, after Hoffmann et al. (2014)
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Figure 3.11: Sectional view of a STAR active twist rotor, after Hoffmann et al. (2014)

strain gages for measuring the blade deformation and 186 pressure transducers. Most of these
sensors were integrated in blades 1 and 3, whereas blades 2 and 4 had less sensors and multiple
dummy sensors and cables instead to compensate for the corresponding structural and dynamic
differences. This measure in harmonizing all blades was not entirely effective (Riemenschnei-
der et al. 2013). Therefore, blades with a similar stiffness and axis position – such as blades
1 and 3, or blades 2 and 4 – were assembled across from each other on the rotor. The differ-
ences between the four blades resulted in an increased aperiodicity of the blade tip and vortex
positions, which was of the same order of magnitude as the jitter introduced by the recircula-
tion in the hover chamber. The aperiodicity of the acquired flow data was counteracted during
the PIV evaluation by averaging over a suitable number of measurement cycles, and transfer-
ring the vortex positions into the blade tip frame of reference.

The data acquisition of the optical measurement systems (SPR, tip LED, PIV, and BOS) was
triggered at certain phase angles of the active twist actuation. The phase of the active twist
control signal was changed in increments of 45◦ to investigate a complete cycle of the blade
deformation, while keeping the azimuthal position of the optical setup constant. This was done
to circumvent azimuthally shifting the entire optical measurement setup, which would have been
more time-consuming. The current approach thus was a compromise between a high azimuthal
measurement resolution and the number of configurations that could be tested in the hover test.

The MFC twist actuators had a specified voltage range between −500 V and +1500 V, which
was generated by three Trek PZD2000A amplifiers per blade. A Matlab/Simulink-code running
on a real time dSPACE system adjusted the control voltage relative to the 1/rev trigger signal of
the data acquisition system. The actuators on the upper and lower blade skin were controlled in
phase and with the same control signal for all four blades, to ensure that each blade experienced
the same control law at the same rotor azimuth. Several short circuits occurred within the twist
actuators throughout the hover test campaign. These short circuits were caused by cracks in
the piezoceramics of the MFC actuators that increased in number with operational time. The
short circuits had not occurred for the prototype active twist blades and were counteracted by
lowering the upper voltage limit to +600 V and regular repairs of the actuators during the test
runs. Despite these measures, the actuator performance still deteriorated over time. It was
therefore decided that a wind tunnel entry with the damaged blades was not reasonable within
the STAR project. In spite of the diminishing actuator performance and the rotor downtime, the
majority of the planned measurement conditions could be tested during the hover test, resulting
in a comprehensive set of measurement data for the active twist actuation.

The control voltage for the actuators was set as a phase-shifted cosine signal for the excita-
tion of higher-harmonic blade torsion oscillation. The maximum control amplitude was set to
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Un = 600 V without voltage offset. Hoffmann et al. (2014) defined the control voltage signal
Ui(Ψ) over the rotor azimuth Ψ for the i-th blade by Eq. (3.20):

Ui(Ψ) = Uk,i(Ψ) cos(kΨ − ϕi − ϕk) (3.20)

with ϕi = (i − 1) × 90◦, the control phase ϕk, and the control frequency k as a multiple integer
of the rotational frequency, reaching values of 0 to 5. With this definition, a positive voltage
amplitude corresponds to a nose-down moment. Figure 3.12 gives a visual representation of the
azimuthal variation of the active twist control voltage signal described in Eq. (3.20). The four
subfigures show individual 3D views of the rotor plane with the marked azimuth positions of
Ψ = 0◦ at the rear end and Ψ = 180◦ at the front end of the rotor, where the PIV FOV is sketched
as a gray area. The colored bands represent the variation of the control voltage signal over the
azimuth between −600 V (blue color) and +600 V (red color). The subfigures in the top row
correspond to actuation frequencies of 1/rev and 3/rev with phase angles of ϕ1,3 = 0◦, while
the bottom row depicts the voltage signal for 5/rev actuation with phase angles of ϕ5 = 0◦ and
ϕ5 = 90◦, respectively.

The active twist actuation primarily affects the blade torsion ϑ, especially for an excitation close
to the characteristic torsion mode of the blade. As a secondary effect, the twist actuation also
excites a blade flapping motion through aerodynamic and structural coupling (Hoffmann et al.
2014). Both blade deformations exhibit a phase delay with respect to the actuation signal. This
hysteresis effect is caused by the inertia of the blades and increases with actuation frequency. A
discussion of the measured blade deformations and phase delays of the STAR rotor, as obtained
by SPR, and the expected effects on the rotor aerodynamics is given in Subsection 4.3.1.
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3.2.3 High-speed PIV setup

Stereoscopic high-speed PIV measurements were conducted as part of the hover test program
of the STAR project. Figure 3.13 shows a picture of the entire optical test setup during a
measurement run. The focus of both the BOS and PIV system was on the blade tip vortices in
the near-field behind the blade tips at a rotor azimuth of Ψ = 180◦, as indicated in Fig. 3.13.
Optimal optical access was gained by moving the measurement position to the forward rotor
position, which was possible due to the assumed rotational symmetry of the flow field.

Cameras

The PIV system consisted of two high-speed double frame cameras and a dual cavity high-
speed laser. The two PCO Dimax cameras were equipped with Nikon Nikkor lenses with a
focal length of f = 400 mm and a maximum aperture of f /2.8. The lenses contained band-pass
filters with a narrow bandwidth around the 527 nm green laser light to diminish the background
noise due to the BOS illumination. Cameras and lenses were rigidly mounted in adapters that
fulfilled the Scheimpflug condition, and placed at a height of 0.6 m above the ground with a
distance of 5.15 m between the two cameras, as shown for PIV camera 2 to the right of Fig. 3.13.
The inclination of the cameras and the lenses were 46◦ and 39◦ with respect to the horizontal,
respectively, resulting in an opening angle of 102◦ between the cameras. The position of the

Figure 3.13: STAR hover test setup with marked positions of the PIV and BOS cameras, the
PIV FOV, and the tip path plane (TPP), after Bauknecht et al. (2015)
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PIV FOV is sketched in Fig. 3.13. It was located in the longitudinal symmetry plane of the
test stand at Ψ = 180◦ and at a radial position of 0.96 R to 1.01 R. The vertical position of the
PIV measurement domain was adjusted for one third of the image height to be located above
the nominally loaded blade tips. The native resolution of the PCO Dimax cameras of 2016 ×
2016 pixels2 had to be reduced to 1152× 820 pixels2 to achieve double-frame recording rates of
up to 2.22 kHz. In total, the combined PIV FOV had a width of 94 mm, height of 83 mm, and
corresponding scales of 12.2 pixels/mm in the radial and 9.9 pixels/mm in the vertical direction.

The ratio between the length of the PIV interrogation window Lm and the vortex core radius rc

is an important parameter for velocity measurements of vortex flow fields. It has to be below a
critical value of 0.2 to resolve quantitative vortex parameters such as the swirl velocity and the
core radius (Grant 1997). For an estimated core radius of rc = 0.05c (van der Wall & Richard
2006) and a fine interrogation window size of 16 × 16 pixels2, a measurement resolution of
Lm/rc = 0.24 is determined, which compares well with similar rotor blade tip measurements, as
listed by van der Wall & Richard (2006). An overlap of the interrogation windows effectively
increases the resolution of PIV, as shown by Richard & van der Wall (2006). The overlap of
75 % in the present study thus leads to an oversampling resolution of Lm,OS/rc = 0.06 – i.e.
33 vectors within the vortex core – which is well below the critical value of 0.2.

Camera calibration

As already mentioned in Subsection 3.1.3, the camera calibration is essential for a stereoscopic
PIV setup. The two PIV cameras of the present setup were calibrated in-situ by a two-sided,
two-level calibration target, as shown in Fig. 3.14. The target was positioned on a rigid but
mobile structure that allowed accurate placement of the target within the PIV FOV for the
acquisition of calibration images, and could be removed for the measurements. The laser light

Figure 3.14: Picture of one side of the 3D calibration target for PIV
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sheet was regularly checked for alignment with the center line of the test stand, and used to
exactly position and center the calibration target on the measurement plane. A third order
polynomial fit was used as a camera mapping function. Since both sides of the target were
imaged by the cameras, the calibration levels on the target were located up to 7.5 mm outside
the center of the light sheet. The consequent vertical mismatch of the two camera images was
of the same order of magnitude in physical space and about 60 pixels within the image plane.
The mismatch was corrected by performing a self-calibration with the raw particle images of
each measurement run, as described in Subsection 3.1.3.

Laser

A Litron LDY 300 Nd:YLF high-speed laser was used to generate a PIV light sheet. The laser
has two separate cavities and generates two sequential laser pulses with a length of 150 ns and
a frequency-dependent pulse energy of 20 − 30 mJ. Figure 3.15 shows the optical setup of the
laser and the light sheet optics in front of the rotor test stand. The laser head was mounted on a
rigid and weighted aluminum structure, while the corresponding power supply unit was placed
outside the rotor hall to allow manual operation during the rotor tests. The path of the generated
laser pulses is marked with a green line in Fig. 3.15. The two light pulses generated within the
laser head were axially aligned with the light sheet optics by three mirrors. A set of a biconcave
lens (f = −100 mm), two cylindrical lenses (f = +200 mm), and a biconvex lens (f = +500 mm)
created a light sheet that was redirected by a mirror behind the optics and a second mirror on the
ceiling above the forward rotor blade tip position (see Fig. 3.16b). The light sheet illuminated
the measurement region from above to capture the forward-scattered light with the ground-
based PIV cameras and thus achieve an increased particle visibility. Within the PIV FOV, the
light sheet had a thickness of approximately zLS = 2.5 mm and a length of 300 mm, which was

Figure 3.15: Picture of the PIV laser setup with sketched light path
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restricted by the length of the mirror on the ceiling. Note that the two cylindrical lenses were
positioned with a short distance of 5 mm in between and had the same orientation to emulate
the effect of an unavailable, single cylindrical lens with a shorter focal length.

Seeding

A PIVTec PIVpart45 seeding generator with 45 Laskin nozzles was used to fill the rotor hall
with a dense and homogeneous aerosol of DEHS particles. The particle size distribution of the
particle generator is depicted in Fig. 3.3. According to the area-weighted size distribution, the
particles had a mean visible diameter of about dP = 0.43 µm during the present measurements∗.

Recording

The commercial PIV software Davis 8.1.4 was used for the operation of the PIV and BOS
systems, including the time-resolved acquisition of speckle and particle images. For each test
case, 10 − 20 full revolutions of the rotor were captured with 124 images per revolution. The
size of the PIV FOV enabled the investigation of the formation and convection of young tip
vortices for vortex ages of ψv = 3.56◦ − 45.74◦, as measured from the passage of the quarter
chord line. The image acquisition was triggered by an azimuth-locked rotor encoder signal at
a rate of 128/rev (∆Ψ = 2.8125◦) or 2.22 kHz. The time delay between the two PIV image
acquisition times was set to 29.4 µs, which corresponded to a blade rotation of ∆Ψ = 0.18◦.

3.2.4 High-speed BOS setup

Density-based vortex information – such as the vortex position and core density – was acquired
by a dual-camera high-speed BOS system parallel to the PIV measurements. The present BOS
camera assembly is comparable with a BOS wind tunnel setup of Heineck et al. (2010) for mea-
suring the blade tip vortices of a helicopter model in forward flight. One of the STAR BOS
cameras was located on the floor at the Ψ = 180◦ position of the rotor (camera 1 in Fig. 3.16d),
while the second camera was positioned on top of the vertical traversing system at the Ψ = 0◦

rotor position (camera 2 in Fig. 3.16a). Both cameras were set up with an overlapping FOV
close to the PIV measurement domain and focused on retro-reflective background screens that
were attached to the wall for camera 2 (Fig. 3.16c) and to a crane below the ceiling for camera 1
(Fig. 3.16b). The overlap of the cameras allowed for a reconstruction of the vortex convec-
tional motion, which was compared with the vortex trajectories determined by the PIV system.
The distances between the cameras and the backgrounds (ZB), and the measurement domain
and the backgrounds (ZD) are given in Table 3.1 and illustrated in Fig. 3.17. The camera se-
tups had similar distance ratios of ZD/ZB ≈ 0.53 for camera 1 and ZD/ZB ≈ 0.42 for camera 2,
and therefore similar geometrical amplification factors for their sensitivity. At the beginning of

∗Average diameter according to the probability density function (PDF) of the distribution of length: 0.21 µm.
Average diameter according to the PDF of the distribution of volume: 0.77 µm.
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Figure 3.16: Pictures of a) BOS camera 2, b) the PIV mirror and LS-BOS background, c) the
BOS background, and d) the LS-BOS setup
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the hover tests, both cameras were operated in a classical BOS configuration with the illumina-
tion realized by LED spots that were positioned next to the cameras. The setup of camera 1 was
modified during the measurement campaign to test an LS-BOS system, as described in Subsec-
tion 3.1.6. The laser illumination reduced the effective exposure time and the corresponding im-
age blur significantly and allowed for the reconstruction of density profiles of the vortices. The
results presented in this work were all acquired with the modified LS-BOS setup for camera 1.

Table 3.1: STAR BOS camera distances and settings

ZB (m) ZD (m) feff (mm) f# FOV (mm2)

BOS Cam 1 5.2 2.77 360 22 77.5 × 108

BOS Cam 2 10.5 4.45 1000 16 70.5 × 94.5

Cameras

The BOS system consisted of two PCO Dimax cameras that were operated in single-shutter
mode and controlled by the same computer system as the PIV cameras. The resolution of the
cameras was reduced to 1200 × 1600 pixels2 to achieve a frame rate of 2.22 kHz. The bottom
camera 1 was equipped with a Nikon Nikkor lens with a focal length of f = 180 mm and a focal
length doubler, resulting in an effective focal length of about feff = 360 mm. Due to the laser il-
lumination, camera 1 received enough light for the aperture to be closed to f /22 to increase the
depth of field. The camera exposure time was set to 100 µs, although the actual image record-
ing time was fixed to a 200 ns time frame by the pulsed laser. The upper camera 2 was equipped
with a Walimex lens with a focal length of f = 500 mm which was also combined with a fo-
cal length doubler to realize an effective focal length of feff = 1000 mm. The lens aperture was
set to f /16 as a compromise between a large depth of field and adequate imaged background
intensity. Unlike the short-term illumination of camera 1, camera 2 was conventionally illumi-
nated over the entire exposure time of 100 µs. The length of this time interval corresponded to
a blade rotation of ∆Ψ = 0.62◦ and was necessary to assure adequate contrast of the recorded
background pattern. The corresponding vortex motion was below 10 %ΩR or < 2 mm and led
to a blurred vortex image for camera 2. To compensate for the changing vortex position during
the camera exposure, camera 2 was triggered 50 µs before camera 1 and only used for the local-
ization of the vortices and not for the density reconstruction.

Background patterns

Two background screens were mounted inside the rotor test hall for the conventional BOS setup.
A picture of the background screen for camera 2 is shown in Fig. 3.16c. It shows an aluminum
plate with a size of 450 × 450 × 10 mm3 that was rigidly mounted on the concrete wall below
a sound-absorbing layer via threaded rods and hollow steel cylinders to prevent it from moving
during the test runs. A self-adhesive foil with a retro-reflective surface was printed with a
randomized pattern of black dots with a diameter of 0.3 mm and applied to the aluminum plate.
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The background screen for camera 1 had the same dimensions, a pattern with a dot diameter of
0.4 mm, and was fixed to the counterweight of a crane that was installed below the ceiling, as
shown in Fig. 3.16b. The final layout of the LS-BOS setup of camera 1 did not use the printed
dot pattern, as the background pattern was generated through laser speckles.

Illumination

The illumination system for camera 2 consisted of two Treble-Light POWER LED 20000 high-
power LED spots, installed on both sides of the camera, as shown in Fig. 3.16a. The original
spots had a light output of 20000 lm and a light cone with an opening angle of 9◦. Instead of the
continuous operation with their nominal power of 168 W, the spots were pulsed with three times
the nominal power level and a duty cycle of about 30 %. The pulsed operation was achieved by
a multi-channel solid-state switching device and a McPower MRGN-900 power supply unit.

The illumination for camera 1 was realized with a Quantronix Darwin Duo 527-100-M Nd:YLF
laser. The provisional LS-BOS setup is shown in Fig. 3.16d. It comprises the power supply unit,
laser head, beam optics consisting of a biconcave lens and redirecting mirrors, and a glass plate
that was installed in front of the camera lens. The glass plate was used as a semi-transparent
mirror to realize on-axis illumination for the camera. The laser light thus passed the phase object
twice, which effectively doubled the sensitivity of the setup. Compared to the standard BOS
setup, the recorded light intensity of the LS-BOS setup increased by more than a factor of ten
by using only one cavity of the dual-pulse high-speed laser with a pulse energy of about 30 mJ.

3.2.5 Test sequence

The BOS measurements were performed with a short time delay with respect to the acquisition
of PIV data to minimize mutual interference. The temporal setup of the PIV, BOS and LS-
BOS systems is illustrated in Fig. 3.18. Each line in Fig. 3.18 represents the timing of one
component of the setups over a time interval of just above one image cycle of 450.3 µs. The first
line shows the 128/rev output signal of the azimuth encoder on the rotor shaft. The PIV laser
was programmed to fire a 150 ns pulse with the rotor trigger (tPIV) and another ∆t = 29.4 µs
later (t′PIV). Note that the laser pulse widths in Fig. 3.18 are not plotted to scale for reasons of
visibility. The first PIV frame was simultaneously recorded by both PIV cameras around the first
laser pulse. The image information was transferred to a buffer chip and the image sensor was
illuminated again by the second laser pulse (frame 2). The read-out of the buffer and the image
sensor required almost the entire remaining time of the image cycle, as the sensor resolution was
maximized with respect to this duration. The slowest parts of the BOS setup were the pulsed
LED spots due to the capacitive and inductive components in their electronic circuits. The spots
were thus activated with the 128/rev trigger to build up their full output around t = 40 µs, when
the exposure of the upper BOS camera 2 was started. Both the LED spots and the BOS camera 2
remained active for 100 µs, after which the light output of the spot slowly decayed. In the middle
of the exposure time of BOS camera 2 – at tBOS = 90 µs – the LS-BOS laser fired a 200 ns pulse
to illuminate LS-BOS camera 1. For a minimized interference of the LED spots, the LS-BOS
camera 1 was activated 40 µs after BOS camera 2 at t = 80 µs and remained active for 100 µs.
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Figure 3.18: Trigger sequence for a single image cycle of the PIV and BOS systems

3.2.6 Measurement procedure and test cases

Before each test sequence, the PIV system was calibrated as described in Subsection 3.2.3, the
rotor preparation hall was seeded with particles, particle images for the self-calibration were
recorded with the PIV cameras, and undisturbed reference images were acquired by the BOS
and LS-BOS systems. For safety reasons, the doors of the rotor hall were locked before the start-
up of the test stand and the measurement systems could only be remotely controlled during the
measurement runs. The model rotor was then brought up to its nominal frequency of 1041 rpm
and thrust of 2450 N and trimmed for zero moments, as well as lateral and longitudinal forces.
Each test sequence was preceded by a measurement of the unactuated baseline case, before the
actuated test cases were investigated. Rotor loads and deformation data were acquired at the
beginning of each new test condition, followed by simultaneous measurements of the PIV and
BOS systems, according to the acquisition scheme shown in Fig. 3.18. A total of 124 sets of
measurement images per blade revolution were acquired by the two optical flow measurement
systems with the 128/rev image clock. Four trigger signals at the end of each rotor cycle were
skipped to prevent influencing the next rotor cycle. The images of 10−20 rotor revolutions were
stored in the internal camera buffers, before the data was checked for anomalies and transferred
to a solid state disk (SSD) storage. A typical recording sequence with 10 cycles was completed
in 2−3 minutes, and the majority of this time was required for the data transfer from the cameras
to the computer. The next measurement point was already set up while completing the data
storage. The different test cases studied during the hover test are briefly described below.

Baseline case

The BL case represents the operation of the rotor without active twist actuation at the nominal
test conditions of T = 2450 N and Ω = 109 rad/s. This measurement point serves as a reference
for the effects of the active twist actuation and will be analyzed in detail in Section 4.1.
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Thrust variation case

The measurement program for the hover test included unactuated rotor measurements with a
thrust variation of 500−3580 N (CT/σ = 0.009−0.066) at the nominal rotor speed. The lowest
thrust setting was omitted here, as the small vortex strength did not allow for an automated
vortex detection. The measurements at the highest thrust setting could not be completed due to a
structural failure of the tip cap of one blade, resulting in the premature abortion of the hover test.
Results corresponding to T = 1000−3004 N (CT/σ = 0.019−0.056) are analyzed in Section 4.2.

Actuated case: active twist control

The main part of the STAR hover test addressed the effects of the active twist actuation on the
blade deformations and tip vortices. Five different actuation frequencies (1/rev − 5/rev) with
eight different actuation phase angles each were studied during the hover test. 10 × 124 sets of
measurement images were acquired for every actuation frequency and phase angle, resulting in
about 330000 raw images for the actuated test cases alone. The detailed aerodynamic analysis
of this flow field data is described in Section 4.3. The effects of the actuation on the blade de-
formations were already discussed by Hoffmann et al. (2014) and are reinterpreted in Subsec-
tion 4.3.1 with respect to their influence on the blade aerodynamics.

3.3 Data Processing

The amount of raw data acquired during the hover test required a multiple step data process-
ing and reduction strategy that will be described in this section. The initial analysis step was
the evaluation of the raw BOS and PIV images, which is described in Subsection 3.3.1. A study
of the effects of the interrogation window size and overlap on the data analysis is presented in
Subsection 3.3.2. An automated algorithm for the extraction of the position and shape of the
seeding particle void from the raw PIV particle images is presented in Subsection 3.3.3. The
raw PIV images also allowed for the extraction of the blade tip position, as described in Subsec-
tion 3.3.4. The determinations of the position and velocity distribution of the blade tip vortices
from the evaluated PIV velocity fields are illustrated in Subsections 3.3.5 and 3.3.6, respec-
tively. The applied individual averaging technique is explained in Subsection 3.3.7, followed
by an analysis of the accuracy of the PIV measurements in Subsection 3.3.8. Finally, the algo-
rithms applied for the 3D reconstruction of the vortex positions and the derivation of a density
distribution from the acquired BOS data are described in Subsections 3.3.10 and 3.3.11. The
contents of Section 3.3 are, in part, based on a paper published by Bauknecht et al. in 2015.

3.3.1 Evaluation of PIV and BOS raw data

The recorded particle images were evaluated with the commercial PIV software Davis 8.2.0, as
shown in Fig. 3.19. The entire evaluation of the recorded particle images was carried out on



44 Chapter 3. STAR hover test

Figure 3.19: a) Particle image and b) velocity field for BL case and ψv = 28.87◦ with vortex
center, void outline, and blade tip TE position, after Bauknecht et al. (2015)

the central processing units (CPUs) of a highly parallelized computer. The raw PIV images –
as depicted in Fig. 3.19a – were preprocessed with a sliding background subtraction with a fil-
ter length of 5 pixels. The particle images of both cameras were evaluated using a multi-grid
stereoscopic cross-correlation algorithm with an initial round and Gaussian-weighted interro-
gation window of 96 × 96 pixels2 dimension. The window size was refined down to an interro-
gation window of 16× 16 pixels2 with a window overlap of 75 %. For the last iteration step, the
shape of the interrogation window was adapted to the local seeding density and flow gradients,
according to Wieneke & Pfeiffer (2010). Spurious vectors that deviated by more than 2 stan-
dard deviations from neighboring vectors were removed from the fine vector field and replaced
by interpolated vectors. Typically, less than 1 % of the vectors were treated that way. This post-
processing was found to be effective for well-seeded regions outside the core. The area within
the seeding void was filtered out in a later processing step, as explained in Subsections 3.3.3
and 3.3.6. Figure 3.19b depicts a fine velocity field for an unactuated test case and a wake age
of ψv = 28.87◦, as measured from the quarter chord line. The graph features a contour plot of
the out-of-plane velocity component w and every eighth vector of the in-plane velocities u, v.
The analysis of quantitative vortex parameters was carried out based on these weakly filtered,
high resolution 2D3C vector fields. Van der Wall & Richard (2006) found that a smoothed and
coarse vector field enabled a more robust detection of the vortex positions than a fine and scat-
tered vector field. The fine vector fields were therefore post-processed with Gaussian smooth-
ing and a median filter, and interpolated onto a coarse grid with a vector distance of 16 pixels.

3.3.2 PIV interrogation window size and overlap study

In 2006, Richard & van der Wall analyzed the influence of the size and overlap of the interroga-
tion windows on the characterization of vortices via a single stereoscopic recording of a blade tip
vortex, as shown in Fig. 3.20. The subplot in Fig. 3.20a depicts the normalized peak swirl veloc-
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Figure 3.21: Results of the current study on the influence of the interrogation window size and
overlap on a) peak swirl velocity and b) core radius

ity 100 Vθ/ΩR in a horizontal cut through the vortex core and Fig. 3.20b gives the corresponding
normalized core radius 100 rc/R over the interrogation window overlap in percent. The plot col-
ors represent different square interrogation window sizes between 48 pixels and 128 pixels. The
detected peak velocity increases with higher overlap and smaller interrogation window size. The
graphs representing the core radius exhibit a high fluctuation for low overlaps, and smaller and
more stable values for high overlaps above 70 %. The detected core radius values also dimin-
ish with decreasing window size. All graphs exhibit a convergence towards fixed values for in-
creasing overlaps. No convergence is detected, however, for the decreasing window size, which
shows that the interrogation windows were still too large to resolve the peak swirl velocity.

An analysis similar to the studies of Richard & van der Wall (2006) was conducted in the
present work, as shown in Fig. 3.21. It is based on a single stereoscopic measurement image
of a vortex at a wake age of ψv = 23.24◦. Unlike the previous study, the present analysis of
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vortex parameters was carried out by averaging the velocity profiles in 72 radial cuts through the
vortex center with varying cut angles. Two previously studied square interrogation window sizes
(64 and 48 pixels) and various smaller window sizes down to 12 pixels were examined. Their
influence on the normalized swirl velocity and core radius are depicted in Fig. 3.21. The graphs
for the peak swirl velocity show a similar trend to the data from Richard & van der Wall (2006)
for window sizes between 24 and 64 pixels (see Fig. 3.21a). The two smallest window sizes of
16 and 12 pixels show a stagnation at a high peak swirl velocity level with a reduced influence
of the window overlap. Figure 3.21b exhibits a similar stagnation of the core radius for small
window sizes, and a decreasing influence of the window overlap with decreasing window size.
The stagnation in both subfigures can be interpreted as a convergence towards the real values of
the core parameters and illustrates that a further reduction of the interrogation window size is
likely to have no positive effect on the returned core parameters. Interrogation windows below
12 pixels no longer contain enough particles for an accurate and stable velocity measurement,
and even a window size of 12 pixels resulted in an increased number of spurious vectors. It is
found that window overlaps above 75 % only weakly affect the obtained results and furthermore
cause a significant increase in computation time. The present PIV evaluations were thus carried
out with an interrogation window size of 16 × 16 pixels2 and an overlap of 75 %.

3.3.3 Particle void detection

The velocity information obtained from poorly seeded areas within the vortex core is not based
on physical particle displacements and therefore has to be filtered out. In the present work, this
was achieved by detecting the position and extent of the seeding void in the particle images.
The four raw images from both cameras at a single measurement instant were mapped to the
light sheet plane and merged with a local minimum filter, as shown in Fig. 3.22a. The resulting
image contained the average particle void information of all four included image frames in the
form of merged pixel intensity I over image coordinates x and y. The image was exported
from the Davis software and imported in Matlab for further analysis. An area of 0.2c × 0.2c
was extracted around the vortex center position, as labeled with subframe in Fig. 3.22a. The

Figure 3.22: Pictures of a) merged particle image with seeding void, and b) normalized image
intensity distribution within a subframe of a), including an intensity threshold
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detection of the vortex center position will be described in Subsection 3.3.5. The void center
position xvoid, yvoid was obtained as the local minimum of the highly spline-smoothed subframe,
whereas a weakly filtered version of the subframe was used to compute the void area, as shown
in Fig. 3.22b. The absolute minimum intensity level Imin and average intensity Imean outside the
subframe were computed and a threshold was calculated as:

Ithreshold =
1
3

(Imean − Imin) + Imin (3.21)

Figure 3.22b shows the normalized intensity distribution in the upper half of the subframe area.
The horizontal cut through the void center is marked with a black curve and a black horizon-
tal line indicates the threshold level. Image intensities below this threshold are colored gray
and were regarded as insufficient for a stable and physically meaningful result in the cross-
correlation evaluation. A simple, circular estimate for the void area was derived by counting the
number of pixels with intensities below the threshold Ithreshold, multiplying this number with the
imaged area of one pixel Apixel, and computing the radius of a circle with the same overall area:

rvoid,circ =

√
Ithreshold Apixel

π
(3.22)

The black circle in Fig. 3.22a represents the detected circular void area for this particle image.
The exact void outline was determined in a polar coordinate system in an area of r ≤ 2rvoid,circ

around the detected vortex center position (see Subsection 3.3.5). The radial positions rvoid,
where the intensity levels were closest to the threshold value, were determined for each az-
imuthal angle around the vortex center. The exact void outline is marked by a red line in
Fig 3.22a and shows a high overlap with the circular void estimate. The shape of the void exhib-
ited noticeable deviations from a circular shape for very young vortex ages and some actuated
test cases. An example for the application of the void detection is given in Fig. 3.23. It depicts
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Figure 3.23: Combined view of a series of particle images with detected particle void outlines
(circles), center positions (white plus signs), and blade tip TE (red plus sign)
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a combined view of a series of instantaneous particle images with the merged particle seeding
voids. The detected vortex positions (white plus signs) and circular vortex outlines (white cir-
cles) are plotted relative to the position of the blade tip TE, which is indicated by a red plus sign.

3.3.4 Blade tip detection

The vortex and blade tip positions exhibited aperiodic scattering during the hover experiment.
Exact knowledge of the relative positions of the blade tips and the vortices is crucial to separate
the blade scattering from the aerodynamic effects. The SPR measurements, however, were
performed in a second hover campaign after the aerodynamic tests and the blade tip LED camera
only captured the blade deformations at the Ψ = 270◦ position. The lack of instantaneous data
at the Ψ = 180◦ position could be resolved for three of the four blades by analyzing the PIV
particle images that contained the blade tip∗. An example for such an image is given in Fig. 3.24.
It depicts the first image frame of camera 1 that was recorded at a wake age of ψv = 0.74◦ and
blurred a posteriori. The gray area represents the intersection of the blade with the light sheet
plane. The blade areas above and below this intersection region are located in front and behind
the light sheet, respectively. The laser light is illustrated by green color. It also illuminates
the region above the blade section, which is not visible from the camera position close to the
ground. The PIV FOV is illuminated by the laser light from above with an angle of 5.5◦ to the
rotor axis. Therefore, the shadow of the blade – marked by the light green line – is also tilted
and intersects the projected tip side edge at a shallow angle. The intersection point of these two
lines represents the blade pressure side tip position within the light sheet, and is marked by a
blue plus in Fig. 3.24.

The positions of the tip side edge and light sheet edge were detected by an automatic Matlab
routine. Horizontal cuts through these lines were averaged in groups of 10 and smoothed. Points
on the edges were detected for each averaged horizontal cut by finding the maxima of their
smoothed horizontal gradients. Two separate lines were fitted with a least-squares algorithm to
the upper and lower group of points. The line fit parameters were used as starting values for
a second least-squares fit of a sectionally defined line pair function to all detected points. The
intersection point of the two lines was then determined as the blade pressure side tip position.

The position of the tip trailing edge (TE) was derived from the pressure side tip location by
estimating the blade tip pitch and lead lag angles from the LED camera measurements at the
Ψ = 270◦ position. The mean blade angles were phase-shifted where necessary to match the
deformations at the PIV position. With the known blade tip geometry, the TE position could
be approximated, as shown by the red plus sign in Fig. 3.24. The TE tip position is typically
located below the rotor blade section due to the finite blade tip angle of attack. The influence of
a substantial error of ±10 %c in the lead lag estimation resulted in an inaccuracy of the vertical
TE position of ±1.6 %c. A deviation of the blade tip pitch angle of ±0.5◦ caused the vertical
TE position to scatter by ±0.5 %c. The TE tip localization was therefore considered to return
sufficiently accurate results for the normalization of the vortex positions in the present study.

∗The blade tip detection from the PIV images was realized after the experiments. The first blade of each PIV
image sequence had not been recorded and could therefore not be analyzed.
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Figure 3.24: Processed PIV particle image with intersecting blade tip and indicated tip side
edge, blade section within the light sheet, and laser-illuminated area

3.3.5 Vortex detection in PIV flow fields

Common identification schemes for vortex positions are based on flow field operators. These
operators are based on the flow field gradients that become large in the vicinity of the vortex
center. Four of the most commonly used operators were applied in this work and will be de-
scribed here. All four operators are derived from the velocity gradient tensor A = S +Ω, where
S is the strain tensor andΩ the vorticity tensor (Lugt 1996). The gradient tensor A is defined for
a 2D measurement field with the coordinates x, y and the in-plane velocity components u, v as:

A =


∂u
∂x

(
∂v
∂x

+
∂u
∂y

) /
2(

∂u
∂y

+
∂v
∂x

) /
2

∂v
∂y

 +


0

(
∂v
∂x
−
∂u
∂y

) /
2(

∂u
∂y
−
∂v
∂x

) /
2 0

 (3.23)

=

εxx εxy

εyx εyy

 +

 0 −ωz

ωz 0

 = S +Ω

The first matrix contains the elongational (εxx, εyy) and shear strains (εxy, εyx). The second matrix
contains one of the flow field operators used in the present study, the out-of-plane component of
the vorticity ωz. The other vortex criteria used in the present work are based on the invariance of
the velocity gradient tensor A in a vortex center (van der Wall & Richard 2006). This invariance
is found for a positive determinant of A, in combination with a complex Eigenvalue λ2 (Jeong &
Hussain 1995) of the characteristic equation, which is achieved by a negative second invariant
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Q (Zhou et al. 1999). With the definitions of the determinant and trace of A,

detA =
∂u
∂x
∂v
∂y
−
∂u
∂y
∂v
∂x

(3.24)

trA =
∂u
∂x

+
∂v
∂y

(3.25)

the expression for Q and λ1,2 are derived as:

Q = (trA)2 /4 − detA < 0 (3.26)

λ1,2 = trA/2 ±
√

Q (3.27)

where Q constitutes a measure of the dominance of vorticity over the strain, and therefore does
not detect shear or boundary layers. The points in the flow field that are described by the
complex eigenvalues λ2 exhibit common features of vortices such as spiral and closed stream
lines and potentially also a pressure minimum. The vorticity ωz, Q, and λ2 take on a value of
ω2

z = |Q| = |λ2| in the center of an ideal vortex (van der Wall & Richard 2006). In addition to
these operators, Zhou et al. (1999) proposed the swirling strength λci as a flow operator for the
detection of vortices, which is the imaginary part = of the complex eigenvalue of the velocity
gradient tensor A. It is analogous to enstrophy, frame-independent, and only detects regions
of high vorticity with simultaneous spiraling motion (Zhou et al. 1999). The signed swirling
strength λ = λci ωz/ |ωz| is a derivative of the swirling strength λci that introduces the sense of
the flow rotation (Roussinova & Balachandar 2012). This leads to the final definitions of the
flow field operators ωz, Q, λ2, and λ that were used for the vortex detection in the present work:

ωz =

(
∂u
∂y
−
∂v
∂x

) /
2 (3.28)

Q =

(
∂u
∂x

+
∂v
∂y

)2 /
4 +

∂v
∂x
∂u
∂y
−
∂u
∂x
∂v
∂y

(3.29)

λ2 =
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∂x

)2

+
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∂v
∂y

)2 /
2 +
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∂x
∂u
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(3.30)

λ =
ωz

|ωz|
max
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) /
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√
Q
}]

(3.31)

The tip vortices shed by a helicopter rotor are typically well-defined and can be localized by
identifying the peak values of one of the operators described in Eqs. (3.28 – 3.31). This, how-
ever, is only true as long as the blade tips are adequately loaded, the vortex roll-up process is
finished, and the vortex has not begun to decay or become unstable. Some of the young vortices
in the present work exhibited distortion effects due to the unfinished roll-up process and the ac-
tive twist actuation of the blades, as depicted in Fig. 3.25a. The subfigure shows a 3D surface
plot of the out-of-plane vorticity component ωz that features a double-peak in the vicinity of the
vortex center. The vorticity operator was computed based on the coarse and smoothed veloc-
ity field with a distance of 16 pixels between the vectors. The above mentioned global peak de-
tection algorithms proved to be unstable for this sort of non-axisymmetric vortices and had to
be modified. An improvement of the vortex detection method was achieved by processing the



3.3 Data Processing 51

−0.4
−0.2

0.0
0.2

0.4

−0.4
−0.2

0.0
0.2

0.4
0.0

0.5

1.0

 100 y / R

f 
/ 

f m
a

x
−2 −1 0 1 2

−3
−2

−1
0

10
0  

y 
/ R

100  x / R

F
(ω

z) 
/ 

F
(ω

z,
m

a
x)

 

100 (x − x v) / R

1
0

0
 (

y 
−

 y
v
) 

/ 
R

 
−0.6−0.4−0.2 0.0 0.2 0.4 0.6

−0.6

−0.4

−0.2

0.0

0.2

0.4

0.6

max(F(ωz))AC

min(F(λ
2
))AC

min(Q)

max(λ)AC
Particle void center

ω
z
/ ω 0 0.5 1

z,max

b)a)

d)c)

ω
z/

ω
z,
m
ax

−2 −1 0 1 2
−3

−2
−1

0

0.0

0.5

1.0

10
0  

y 
/ R

100  x / R

 x / R
100

0.0

0.5

1.0

Figure 3.25: Plots of a) vorticity, b) shape function for convolution filter, c) convolution-filtered
vorticity, and d) vortex detail with center positions, after Bauknecht et al. (2015)

vorticity and swirling strength operators with a norm shape function convolution filter, as de-
scribed by van der Wall & Richard (2006). The 2D Gaussian-distributed curve f that was used
for the convolution filtering is visualized in Fig. 3.25b and of the form:

f =
1
√

2π
exp

(
−

x2 + y2

r2
c

)
(3.32)

The formulation of f was adapted to fit the expected peak value of the operator and the vor-
tex core radius. The convolution of the vorticity or swirling strength field with f amplifies the
peak corresponding to the blade tip vortex (see Fig. 3.25c) and suppresses secondary peaks that
are e.g. caused by the vortex sheet behind the blade. The final peak position was based on
the area center of operator values above a threshold of 80 % of the peak values. Figure 3.25d
shows a comparison of vortex positions that were detected by the flow field operators specified
in Eqs. (3.28 – 3.31). It depicts a detail of the filtered vorticity field corresponding to Fig. 3.25c
that is centered on the vortex position xv, yv, as detected by the convolution-filtered area center
of the vorticity field max(F(ωz))AC. The other flow field operators exhibit only minor deviations
from the vorticity-based center position for this particular measurement image, but showed in-
creased scattering for some highly-actuated test cases. The method based on the convolution-
filtered vorticity field featured the highest accuracy and stability for a majority of the test mea-
surement cases and was thus selected as the standard vortex detection scheme here. For the few
measurement images where this method produced unphysical results, the vortex position found
by one of the other operators was selected instead.
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The vorticity-based vortex detection algorithm automatically localized the vortices in continu-
ous image series behind each blade passage. The vortex locations were assembled into time-
resolved vortex trajectories, and approximated by fifth order polynomial curves. The polyno-
mial estimates were analytically derived to determine the instantaneous vortex convection rates
for each measurement instant. The in-plane vortex convection velocity and the mean out-of-
plane velocity outside the vortex were subtracted from the fine velocity fields that were used for
the detailed analysis of the vortex parameters. This global approach used a larger number of de-
tected vortex positions and was therefore found to be more reliable than the determination of the
vortex convection rate as the residual velocity at the vortex center of the instantaneous images.

3.3.6 Evaluation of axial and swirl velocity

The velocity fields that were created by the cross-correlation with the 16× 16 pixels2 interroga-
tion windows were analyzed in a second part of the PIV evaluation. An example velocity field
for the BL case and a vortex age of ψv = 17.6◦ is shown in Fig. 3.26a. Only every fourth vector
is plotted for reasons of clarity, which illustrates the high spatial resolution of the fine evalua-
tion grid. Figure 3.26b depicts the derived out-of-plane vorticity component, normalized with
the rotor rotational frequency Ω. Figure 3.26b shows the vortex center as a global maximum
of vorticity, which is surrounded by the rolling-up shear layer that was created in the wake of
the blade and contains moderate levels of vorticity. The velocity field around the previously de-
termined vortex locations was evaluated to determine the swirl (tangential) velocity Vθ profiles,
axial velocities Vz, and the core radii rc for each instantaneous velocity field. The initial step
of this analysis was the subtraction of the vortex convectional velocity from the raw velocity
fields. The out-of-plane component was determined from the mean velocity in the region out-
side the blade wake in the measurement images, while the in-plane convection was derived from
the previously determined vortex trajectories, as explained in Subsection 3.3.5. This velocity
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fourth vector shown), and b) corresponding vorticity field
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Figure 3.27: Radial cuts of the instantaneous swirl velocity profile of the BL case at
ψv = 28.87◦, including a Vatistas model fit, and the particle void

subtraction was performed to study the velocity components in the vortex frame of reference.
The velocities in a region with a radius of r = 0.2c around the vortex center were interpolated
onto a polar grid with comparable radial spacing as the Cartesian grid and an azimuthal spacing
of 5◦. The polar velocity vectors were decomposed into radial (Vr) and azimuthal (Vθ) compo-
nents. Typical radial distributions of the swirl velocity are depicted in Fig. 3.27 for a vortex age
of ψv = 28.87◦. The light blue curves represent radial cuts through the instantaneous swirl ve-
locity field around the vortex. The extent of the seeding void is illustrated by a transparent gray
box with rvoid,circ = 0.75rc. Values within the void are not based on real seeding particles and
therefore ignored in the further evaluation. The individual cuts exhibit scattering and have to be
averaged azimuthally to perform a meaningful analysis of the vortex flow field. A simple aver-
age, however, was found to underestimate the peak swirl velocities, which strongly contribute
to the sound generation during BVI. The radial Vθ(r) profiles for each individual azimuthal cut
were therefore sorted by their peak velocity value and the Vatistas vortex model (Vatistas et al.
1991) was fitted to the highest 10 % of the curves to obtain a high level swirl velocity profile,
which represented a stable measure for the peak swirl velocities of the vortex. The Vatistas vor-
tex model is described in Eq. (2.14) and was applied here with an integer factor of n = 2, which
Bhagwat & Leishman (2002) found to be a good match for rotor blade tip vortices. The model
fit to the tangential velocity profiles is depicted in Fig. 3.27 as a thick blue curve. The global
maximum of the Vatistas model curve and its radial position represent the peak swirl velocity
of the high level profile Vθ,max, and the corresponding core radius rc, respectively.

In addition to the peak swirl velocity and the core radius, the axial velocity distribution was
studied. This out-of-plane component peaks within the vortex core, where the acquisition of
reliable PIV data is not possible due to the lack of seeding particles. The determination of the
peak axial velocity component Vz is further complicated by out-of-plane loss-of-pairs within the
vortex core. The innermost part of the axial velocity profile was thus estimated by computing
a spline interpolation based on the valid outer data points for 72 individual radial cuts through
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the vortex core. The final peak value of Vz was determined as the median of the local peak
values of all radial velocity distributions Vz(r). Although the final value of Vz was only based
on valid data points, the applied interpolation had a relatively high margin of error and can only
be regarded as an approximation of the real peak value.

3.3.7 Individual averaging

If a simple average is calculated for a series of flow fields around meandering vortices, the
resulting velocity profile is smoothed out and features a diminished peak swirl velocity. This
bias is commonly compensated for by aligning the vortex centers of the velocity fields before the
averaging, which is referred to as conditional averaging (Vogt et al. 1996, Leishman 1998). This
averaging scheme returned reduced peak velocity amplitudes compared to the instantaneous
profiles in the present evaluation. The reason for this was that the azimuthal location of the
maximum swirl velocity around the vortex center varied between individual velocity fields of
the same vortex age. These vortex asymmetries were non-systematic and did not originate from
a shallow or non-perpendicular intersection angle between the vortex and the light sheet, as this
intersection angle was quantified by the BOS measurements to be close to 90◦. The variations
were thus attributed to the unfinished roll-up process and cycle-to-cycle variations of the inflow
and blade movements. To preserve the values of rc and Vθ, these parameters were determined
for each individual velocity field and averaged consecutively. This process has been used by
other researchers such as Ramasamy et al. (2011) and is referred to as individual averaging.

3.3.8 PIV measurement accuracy

It is essential to determine the uncertainty involved with quantitative PIV measurements. The
accuracy of PIV is reduced by various sources of error, and the relevant sources are discussed in
this section. The estimation for these error sources is based on the works of Raffel et al. (2007)
and Lazar et al. (2010), which give an overview on the error analysis for PIV systems. The
factors that influence the velocity output of a PIV system can be sorted into four categories:

• particle tracking errors,

• errors in frame separation time ∆t,

• errors in particle displacement detection d, and

• statistical errors

The first three of these categories describe the accuracy of a single and instantaneous result. The
fourth category discusses the uncertainties involved with the mean statistics of a finite sample
size N. The effect of the uncertainties of specific parameters P on the velocities is described by
95 % confidence bounds E95,P. The concept of confidence bounds is explained e.g. by Bendat
& Piersol (1986) and will not be derived here. The impact of the uncertainty of a parameter P
on the measured velocities V is described by its sensitivity ∂V/∂P. The total confidence level of
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the velocities E95,V is defined for several independent parameters Pm with m = 1...M as:

E95,V =

√√
M∑

m=1

(
∂V
∂Pm

E95,Pm

)2

(3.33)

The present confidence bounds will be referred to the peak swirl velocity Vθ, which simultane-
ously represents the largest and most significant velocity in the current flow field.

Particle tracking errors

Some common aspects of the particle tracking behavior have already been discussed in Subsec-
tion 3.1.2. This universal description is complemented here with a quantitative analysis of the
tracking errors in the flow field of a tip vortex. The strong radial velocity gradients in the vicin-
ity of a vortex cause deviations between the stream lines of the flow field and the particle tracks.
Birch & Martin (2013) proposed an analytical description of this effect that is based on the in-
compressible Batchelor vortex:

Vθ(r̄)
Vθ,max

=

(
1 +

1
2αL

)
1 − e−αL r̄2

r̄
(3.34)

where αL = 1.25643, and r̄ = r/rc. The tracking error due to the tangential velocity of the
particles Vθ,P is expressed as:

Vθ(r̄)
Vθ,P

− 1 = A e−Br̄2
(3.35)

with the error amplitude A, the constant B = Crc/Vθ,max, and C = 18νρ∞/(ρPd2
P). An estimation

for the peak value of the error amplitude A is given by Eq. (3.36):

A = 2 (αL + 0.5)2
(
Vθ,max

Crc

)2

(3.36)

Table 3.2 lists the experimentally determined values for Vθ and rc, the corresponding values for
A and B, and the particle diameter dP for two vortex ages ψv = 3.56◦ and ψv = 45.74◦.

The centrifugal forces inside the vortex cause the particles to radially deviate from the correct
paths. An estimation of this error is computed based on the Stokes number St = τP/τ, which
is defined as the ratio between the time scales of a particle τP and the surrounding fluid τ. The
values of St are also given in Table 3.2 for the two vortex ages. The characteristic time scale
τP can be interpreted as a response time of the spherical particle to a change in the local flow
velocity. The local time scale of the fluid τ describes the large scale fluid motion with τ = r/Vθ.
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Table 3.2: Particle tracking errors due to tangential and radial velocity

ψv (deg) Vθ,max (m/s) rc (mm) dP (µm) A ( %) B St εθ ( %) εr ( %)

3.56 76.3 3.63 0.5 0.1079 75.62 0.0928 0.11 1.60

45.74 65.4 4.84 0.5 0.0446 117.63 0.0596 0.04 1.03

The Stokes number is estimated by Eq. (3.37):

St = 2
√

2A
(
1 −

ρ∞
ρP

)
(3.37)

A particle that is in near equilibrium with the fluid is described by a Stokes number of St << 1.
Based on Eq. (3.37) and the assumptions that A << 1 and dVr/dr̄ ≈ 0, Birch & Martin (2013)
estimated the maximum radial tracking error relative to a case with Vr = 0:

εr =
Vr,max

Vθ,max
=

St
5.8

(3.38)

This peak error is independent of the value of B and occurs at r̄ = 0.6618. The maximum track-
ing errors in the tangential (εθ = |Vθ,P − Vθ|/Vθ) and radial direction (εr/Vθ,max) are given in Ta-
ble 3.2. The maximum tracking errors occur for the youngest detected vortex age and are of the
order of 0.11 %Vθ,max in the tangential and 1.6 %Vθ,max in the radial direction. These deviations
– and especially the low particle lag in the tangential component – prove that the imaged par-
ticles in the present study had a sufficiently good tracking behavior for the investigation of the
vortex flow field.

Errors in frame separation time

The frame separation time ∆t is a critical factor for the accurate determination of the velocity
from the particle displacements. Its uncertainty is governed by the response times and precisions
of the hardware components. The triggering of the high-speed PIV system was controlled by
a high-speed controller from Lavision (Lavision manual 2010). It has a temporal accuracy of
1 ns for the trigger outputs and a delayed response to external input signals of up to 5 ns. The
jitter of the input signal only affects the vortex age of the measurement and is negligible for the
present test setup. The second source of error is the accuracy of the pulse separation time of the
Litron high-speed laser. This time delay was checked with a photo diode and an oscilloscope,
and found to differ from the commanded time delay of 30 µs by 600 ns. The pulse separation
time used in the PIV evaluation was thus corrected as ∆t = 29.4 µs. The measurement accuracy
of the photo diode setup was estimated as 10 ns, resulting in an uncertainty of 20 ns between the
two laser pulses. The total uncertainty of the time delay amounts to:

E0.95,V,timing =
∂V
∂∆t

E0.95,∆t =
22 ns

29.4 µs
V = 7.5 × 10−4 V (3.39)
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This number is negligible compared with the other sources of error. The magnitude of the frame
separation time also affects the movement of the vortex core between the two image frames. The
current delay of ∆t = 29.4 µs corresponds to a blade rotation of ∆Ψ = 0.18◦, which is within the
range of available results from literature (van der Wall & Richard 2006). Martin et al. (2000b)
suggested that the vortex core movement should be restricted to below 1 % of the core radius:

∆t
ΩRλi

c
< 0.1 % (3.40)

where λi is the non-dimensional inflow velocity and a minimum core radius of rc = 5 %c is
assumed. The frame separation time in the present test resulted in a value of 0.26 %, which
slightly exceeded the criterion of Eq. (3.40).

Errors in particle displacement detection

The accuracy of the particle displacement detection is the dominant factor for the overall PIV
uncertainty. It is influenced by the accuracy of the camera calibration procedure, which was
described in Subsection 3.2.3. The calibration returned a deviation of 0.055 pixels between the
polynomial fit functions and the marks on the calibration target. This deviation is converted to
physical units with the averaged camera magnification of 11.04 pixels/mm, and compared with
a distance between the calibration points of 15 mm:

√
2 0.055 pixels

11.04 pixels/mm × 15 mm
= 4.7 × 10−4 (3.41)

The calibration is furthermore influenced by the target inaccuracy of ±0.02 mm per target length
of 300 mm, according to the manufacturer (Lavision manual 2009):

0.02 mm
300 mm

= 9.43 × 10−5 (3.42)

Both factors influence the uncertainty of the determination of the length scales ∆s, and thus the
calculated velocities. The combined confidence bound for the camera calibration thus becomes:

E0.95,V,cal =
∂V
∂∆s

E0.95,∆s =
√

(4.6 × 10−4)2 + (9.43 × 10−5)2 V = 4.8 × 10−4 V (3.43)

After the self-calibration, a maximum deviation of the calibration plane from the light sheet of
less than 0.25◦ and ∆z = 0.7 pixels = 0.06 mm was detected. The corresponding magnification
error of the cameras was found to be negligible compared to the other sources of error.

Keane & Adrian (1992) described a measure for the detection probability of a particle displace-
ment based on the number of particles NP contained in an interrogation window. The effective
number of detected particle pairs in both corresponding interrogation windows NI is commonly
reduced by in-plane loss-of-pairs Fi and out-of-plane loss-of-pairs Fo. In a perfect measure-
ment environment, both loss factors become 1, while for a real PIV measurement, they are re-
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duced. The particle images that were recorded during the present hover test contained about
7− 15 particles per 16× 16 pixels2 interrogation window. An effective particle number of about
NI = 6 is obtained for example values of Fi = Fo = 0.75, which results in a detection probabil-
ity of about 95 %. The out-of-plane loss-of-pairs is described by Eq. (3.44):

∆t <
zLS

4 |wmax|
(3.44)

where zLS is the light sheet thickness and wmax is the maximum out-of-plane component of the
velocity. For the present frame separation time ∆t = 29.4 µs and a light sheet thickness of
zLS = 2.5 mm, the requirement of an out-of-plane loss coefficient of Fo = 0.75 restrains the out-
of-plane velocity w to values below 0.1ΩR. This criterion is fulfilled by the flow field outside
the vortex core. The peak out-of-plane velocity is found in the center of the youngest vortices
measured during the STAR hover test. It takes on values of up to 0.25ΩR and decays away
from the vortex axis. Loss coefficients of Fo < 0.75 only occur within the particle seeding
void, which is entirely removed from the final evaluation. For young vortex ages ψv < 10◦, the
region around the peak swirl velocity is also affected by moderate out-of-plane particle losses
with loss coefficients of between Fo = 0.75 and Fo = 0.9. The results of a Monte Carlo based
measurement error estimation by Raffel et al. (2007) are applied to estimate the influence of
the out-of-plane particle loss and the in-plane sources of error on the confidence bound of the
evaluated velocities. It is understood that the particle simulation results described by Raffel et
al. (2007) cannot directly be applied to the current measurement conditions. They can, however,
help to identify the main sources of error and – with an additional safety factor of SF = 2 –
provide a conservative estimate for the present test setup. Accordingly, the reduction of the
effective particle number through out-of-plane loss-of-pairs causes an estimated uncertainty of
the order of SF × 0.02 Vθ,max (Raffel et al. 2007, p. 171).

The results of this Monte Carlo simulation are further applied for an estimation of the in-plane
uncertainties of the present PIV measurements. The uncertainty due to random errors is de-
termined as SF × 6.0 × 10−3, and the influence of a 5 % white background noise level reduces
the accuracy by SF × 2.0 × 10−3. Moderate peak locking effects contribute to an uncertainty of
SF×1.6×10−3, and the image shifting causes an uncertainty of SF×4.0×10−4. Flow field gra-
dients that are not properly resolved by the spatial averaging within the finite interrogation win-
dows constitute the largest source of errors here. For a maximum, non-dimensional, in-plane
gradient of 0.135 pixels/pixels∗ in the region around the core radius, the uncertainty was approx-
imated after Raffel et al. (2007, p. 175) as SF×1.01×10−2. Together with the calibration and out-
of-plane uncertainties, the combined confidence bound for the particle displacements becomes:

E0.95,V,ps =
∑(

∂V
∂∆s

E0.95,∆s

)2

= 0.045 Vθ,max (3.45)

This value of 4.5 % Vθ,max demonstrates that the determination of the particle displacements
constitutes the largest source of uncertainty for the present PIV setup. It is noted that this
uncertainty is only valid for the first detected vortex and rapidly decreases with wake age and
with distance to the vortex center.

∗Change in vector length between two neighboring vectors devided by a distance of 4 pixels in between
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Statistical errors

The discussion of measurement accuracy in the previous paragraphs was focused on single,
instantaneous measurement images. In the present study, the vortex parameters were extracted
from these instantaneous images and individually averaged for each vortex age. As mentioned
before, the number of measurement images per test case had to be restricted to N = 40 to cover
all test conditions within the measurement campaign. A statistical analysis based on a finite
sample size causes sampling errors, i.e. only an infinite sample size will return mean results
equivalent to the initially unknown true value. Again, 95 % confidence intervals are applied to
estimate the sampling uncertainty. Assuming a normally distributed variation of the individual
measurement values around the mean, the confidence interval for the averaging of the peak swirl
velocity is defined after Bendat & Piersol (1986):

E95,V,mean = ts
σs
√

N − 1
Vθ,max (3.46)

with the standard deviation σs and the student factor ts. A standard deviation of σs,θ = 8.5 m/s
is calculated for the peak swirl velocity. A tabulated student factor of ts = 2.021 is retrieved
from literature (Bendat & Piersol 1986) for a confidence level of 95 % and the sample size
N = 40. With these values, Eq. (3.46) returns a confidence bound of E95,V,mean = 0.036 Vθ,max.
Equation (3.46) can also be applied to assess the uncertainty of the detected vortex trajectories,
with a standard deviation of σs,xy = 4.8 mm. For the vertical coordinate of the vortex trajectory
y/c, the confidence bound is determined with E95,y,mean = 1.55 mm = 0.0128 y/c. Note that the
sample size of the BL case was N = 120 per vortex age, which yields confidence bounds of
E95,V,mean = 0.021 Vθ,max for the peak swirl velocity and E95,y,mean = 0.88 mm = 0.0073 y/c for
the vertical vortex positions.

Combined PIV uncertainty

During the PIV evaluation with the commercial software Davis, 90 − 96 % of the evaluated
vectors were determined by the highest peak in the correlation map, depending on the vortex
age and the maximum velocities. This quota was mainly affected by the size of the unmasked
particle seeding void. The number of correlated particle pairs outside the particle void was
sufficient to obtain accurate velocity values.

The total confidence bound of the PIV evaluation is computed based on Eq. (3.33), taking into
account the uncertainties due to the frame separation time, the particle tracking error, the parti-
cle shift detection, and the sampling error. The total confidence bound for the velocities is de-
termined as 5.79 %Vθ,max. As shown in the paragraphs above, this value is mainly influenced by
the uncertainties due to the in-plane gradients, the out-of-plane loss-of-pairs, and the sampling
errors. The stated magnitude of the confidence bound thus only describes the youngest vortex
age and decreases with wake age and distance to the vortex axis. The error estimation for the
present rotor test therefore shows that the PIV measurements return repeatable and accurate re-
sults that are adequate for the analysis of the tip vortices and the effects of the active twist actu-
ation thereon.
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3.3.9 Evaluation of BOS raw data

The evaluation of the BOS recordings is described in the following subsections. The recorded
displacement images of the BOS cameras were evaluated with the commercial PIV software
Davis 8.2.3. The evaluation is based on series of measurement images containing the blade tip
vortices, and undisturbed reference images that were acquired before each test run. An average
reference image was obtained by calculating the mean of 100 undisturbed images to reduce
the influence of sensor noise. Each measurement image of a test sequence was paired with
the averaged reference image. A correlation-based shift and rotation correction ensured that
small camera vibrations and the corresponding global image shifts did not affect the resulting
displacement map. The raw images were filtered by subtracting a sliding background with a
filter length of 8 pixels. The image shifts between the mapped image pairs were evaluated using
a multi-grid direct cross-correlation algorithm that was executed on four graphics processing
units (GPUs). The highly parallelized processing on the GPUs was significantly faster than an
evaluation on CPUs and enabled the evaluation of one measurement image per second. The
initial square interrogation windows had a size of 32 × 32 pixels2 and an overlap of 50 %, and
were refined down to round windows of 8 × 8 pixels2 with an overlap of 75 % and no post-
processing. The small interrogation windows were required to achieve a fine resolution of the
vortex and to avoid averaging effects of the displacement field. Figure 3.28 depicts an evaluated
displacement field from camera 1 at an average vortex age of ψv = 4.7◦. Every 8th vector is
shown in horizontal x and vertical y direction. The background color corresponds to the vertical
displacement v and illustrates the position of the tip vortex.

Figure 3.28: Evaluated displacement field from a LS-BOS image of camera 1



3.3 Data Processing 61

3.3.10 Reconstruction of vortex positions from BOS data

The two BOS cameras enabled the reconstruction of the vortex positions in a measurement
domain close to the PIV FOV. The positions of the BOS cameras are depicted in Fig. 3.17 in
Subsection 3.2.4. The lower BOS camera 1 was positioned on the symmetry plane of the rotor
test stand, whereas the upper BOS camera 2 could only be positioned with an offset of 0.29 m
to the symmetry plane. The FOVs of the two BOS cameras had an overlap of 17 mm in the
azimuthal direction of the rotor due to the positions of the cameras and backgrounds. The
reconstruction of vortex trajectories was therefore restricted to a 2D plane parallel to the PIV
light sheet with a distance of 38 mm at Ψ ≈ 181◦. The reconstructions of the vortex trajectories
– as well as the density reconstructions in the following subsection – were carried out within
the scope of a master thesis of Braukmann (2015). This master thesis contains a comprehensive
description of the BOS data evaluation, which will therefore only be briefly outlined here.

Both BOS cameras depicted the blade tip close to the upper edge of the FOV, as shown in
Fig. 3.29. The tip vortex originated from this tip position and convected downwards in the
recorded image sequences of both cameras. Depending on the measurement case, the vortex was
captured up to the 15th or 20th picture of the image sequence, and the vortex analysis was thus
restricted to images 1 − 15 behind each passing blade, corresponding to vortex ages of between
ψv = 2.6◦ − 45.2◦. Figure 3.29 also shows the intersection lines of the vertical reconstruction
plane, which were used for the calculation of vortex trajectories. The 2D displacement fields
of both cameras were analyzed with custom routines in the commercial software MATLAB.
Residual global image displacements with respect to the reference image were compensated
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Figure 3.29: Image sequences for a) the lower BOS camera 1, and b) the upper BOS camera 2,
including blue vortex reconstruction planes, after Braukmann (2015)
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Figure 3.30: Plots of a) vert. displacement field v, and b) corresponding cumulatively inte-
grated scalar

∫
v dy over horizontal x- and vertical y-axis, after Braukmann (2015)

by subtracting the median of the displacement field from each evaluated measurement image.
This procedure guaranteed negligible displacement magnitudes outside the vortex. Figure 3.30a
shows an example displacement field of an unactuated measurement case at an average wake
age of ψv = 4.1◦ in the center of the image. It depicts the vertical image displacements v over
the horizontal x- and vertical y-axis. The field contains a segment of the trailing blade tip vortex,
which has an almost horizontal orientation and is located close to the upper edge of the FOV.
The displacement gradient is positive above and negative below the marked vortex axis, with
peak displacements of ±1.5 pixels. Figure 3.30b depicts the cumulatively integrated vertical
image displacements. This value is computed by solving the integral∫ ymax

y
v(x, y) dy (3.47)

for each position x, y of the vertical displacement field v. The integral value takes on a minimum
value of around −70 pixels2 at the marked vortex axis in Fig. 3.30b. This minimum position
was used to detect a vortex position for each vertical line in the displacement field. Vortex
positions that deviated by more than two standard deviations from the average vertical position
were treated as outliers and vortex line segments containing at least 90% invalid vortex points
were sorted out completely. The detected 2D vortex positions of both cameras were sampled at
the intersection lines between a vertical plane in physical space and both camera sensor planes.
The two corresponding one-dimensional (1D) data sets of both BOS cameras were used as the
input for a vortex reconstruction within the vertical plane in physical space.

Exact knowledge of the camera positions and orientations with respect to each other is required
for a reconstruction of the vortex positions. The camera positions and angles are depicted in
Fig. 3.17 and were acquired during the test campaign using a laser distance meter. The magnifi-
cation factors of the two camera systems were determined by imaging calibration plates with a
regular dot pattern that were placed close to the BOS backgrounds and within the measurement
domain, which was defined as the combined FOV of both cameras. The precision of this pre-
liminary calibration, however, did not suffice to determine the vortex positions with an accuracy
of less than 5 mm and was therefore iteratively optimized. The details of this optimization are
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given by Braukmann (2015), and adapted from an iterative camera optimization described in
Subsection 5.4.3 after Bauknecht et al. (2014d). The quality of the calibration was determined
by projecting corresponding 2D image positions into the combined measurement volume by
means of a stereo photogrammetry approach (Mikhail et al. 2001) and computing the minimum
miss distance of corresponding line pairs. The iterative routine moved camera 2 by less than
2 mm and 0.1◦ and improved the maximum miss distance between corresponding line pairs of
both cameras from 3.8 mm to 0.3 mm. In a last step, corresponding vortex points on the blue
intersection lines of both cameras in Fig 3.29 were reconstructed as time-resolved vortex trajec-
tories within the BOS reconstruction plane and plotted with respect to the likewise determined
blade tip TE positions. The results of this reconstruction process are shown in Subsection 4.1.3.

3.3.11 Density reconstruction

The acquired BOS displacement fields of camera 1 were also used for the reconstruction of the
density distribution around the trailing tip vortices, as described by Braukmann (2015). The
computation was restricted to camera 1 as it required a density calibration that was only carried
out for the optical setup of camera 1. The determination of density is based on the proportion-
ality between the recorded apparent background displacements and the integrated density gra-
dients along the camera’s line of sight, as described in Eqs. (3.17 – 3.19). The vertical displace-
ment field was processed and cumulatively integrated according to the previous subsection, as
shown in Fig. 3.30b. The integrated displacement field in Fig. 3.30b was consequently split into
blocks with a horizontal width of 30 pixels and horizontally averaged to obtain a sub-sampled
data set. The vortex position yv was determined for each vertical cut through the vortex as de-
scribed in Subsection 3.3.10. For each individual vertical line segment, the integrated vertical
displacements between ymax and the vortex position yv were mirrored and centered at yv, padded
with zeros, and recombined as shown in Fig. 3.31a. The resulting field represents the density
variation between the vortex center and the undisturbed density in the measurement hall. The
mirroring was applied to enforce a rotational symmetry of the resulting field and to minimize
the influence of the density fluctuations within the wake of the blade, as visible in the lower part
of Fig. 3.28. The corresponding symmetrical data fields at the same wake age behind all four
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Figure 3.31: Plots of a) cumulatively integrated, centered, and mirrored vertical displacement
field, and b) reconstructed pseudo-density ρPS, after Braukmann (2015)
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blades of a single rotor revolution were phase-averaged to reduce the fluctuations within the data
as well as the computational cost of the density reconstruction process. The reconstruction was
conducted by applying a filtered back-projection algorithm to the symmetrical data field. The re-
construction process is based on the assumptions that the vortex is rotationally symmetrical and
its projection onto the 2D camera sensor can be described by a Radon transformation. The den-
sity field can therefore be computed via an inverse Radon transformation or the presently used
filtered back-projection, as shown in Fig. 3.31b. The result of the filtered back-projection is a
non-dimensional scalar distribution that resembles the density deficit around the vortex and will
be called a pseudo density (ρPS) here. It is possible to determine the exact scale of ρPS by mea-
suring all factors in Eqs. (3.17 – 3.19), which describe the exact relation between the recorded
apparent image displacements and the density distribution. This approach, however, is prone to
measurement errors and not easy to implement for an imperfect measurement environment. In-
stead, the pseudo density distribution was correctly scaled here by conducting a reference ex-
periment with the same optical setup and a known density distribution to determine a calibra-
tion factor K for the density scale. This factor is defined as the peak density deficit of a known
density distribution ρpeak − ρ∞, divided by the non-dimensional pseudo and ambient density:

K =
ρpeak − ρ∞

ρPS ρ∞
(3.48)

The reference experiment for the determination of K is illustrated in Fig. 3.32a. It shows a
BOS displacement image featuring the airflow from a hot air gun that was positioned in the
measurement volume. The hot air gun was connected to a settling chamber that reduced to a
metal tube with an interior diameter of 12.9 mm and an outer diameter of 14.8 mm, marked as
a hot air nozzle in Fig. 3.32a. A constant flow of hot air emerged from the tube and quickly
expanded in the vertical image direction. Only the marked axisymmetric region in Fig. 3.32a
featured flow with a comparable position, dimension, and shape as the trailing tip vortex. The
core temperature of the air flow was determined by a temperature sensor as Tpeak = 410 K
(±5 K), compared to an ambient temperature of T∞ = 298 K. With the assumption of isobaric
conditions at an ambient pressure of 1009 hPa, the ambient density in the room was determined
as ρ∞ = 1.18 kg/m3 and the core density as ρpeak = 0.86 kg/m3. These values were used to

0.8

0.9

1.0

0

4

8

12

-8-404 x 
/ 
1
0
0
 (

p
ix

e
ls

)

y / 100 (pixels)

8

ρ 
/ 

ρ ∞

b)b)b)

Temperature sensorTemperature sensorTemperature sensor

AxisymmetricAxisymmetric
regionregion

Axisymmetric
region

Hot airHot air
nozzlenozzle
Hot air
nozzle

Hot airHot airHot air

floflowwflow

a)a)a)

Figure 3.32: Depictions of a) the hot air reference experiment, and b) the correctly scaled re-
constructed density field, after Braukmann (2015)
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compute the setup-dependent calibration factor K with an accuracy of ±4.5%. The correction
of the reconstructed pseudo density in Fig. 3.31b was then computed as

ρ

ρ∞
= ρPS × K + 1 (3.49)

The resulting vortex density field is plotted as a reduced density relative to the ambient density in
Fig. 3.32b. Density profiles were extracted in cuts across the vortex axis from the reconstructed
density field and fitted with a vortex density model. Bagai & Leishman (1993) derived an
approximate solution for the reduced density of the Scully vortex:

ρ

ρ∞
=

(
1 −

γ − 1
1 + r/rc

ζ

) 1
γ−1

(3.50)

The formulation is based on the assumptions of inviscid and isentropic flow and contains the
specific heat ratio γ and a non-dimensional quantity ζ = Γ2

v ρ∞/(8π
2γp∞r2

c ). In the present case,
ζ and rc were used as fit parameters to approximate the measured density distributions across
the vortex core. A discussion of the reconstructed density distributions for various levels of
blade loading is given in Subsection 4.2.2.





4 STAR results and discussion

Representative particle image velocimetry (PIV) and background-oriented schlieren (BOS)
results of the smart-twisting active rotor (STAR) hover test are presented within this chapter.

The results of the unactuated baseline (BL) case are presented in Section 4.1, followed by an
analysis of the thrust variation study in Section 4.2, and the active twist actuation in Section 4.3.

4.1 Baseline case

Results of the unactuated BL measurements are presented in this section. The same nominal
test conditions of T = 2450 N and Ω = 109 rad/s were applied for the unactuated measurements
and the active twist actuation cases. The BL test case therefore serves as a reference for the
effects of the active twist actuation and is characterized in detail here.

4.1.1 Baseline case: time-resolved velocity and vorticity fields

Figure 4.1 depicts a series of vorticity contour plots and velocity vector fields to illustrate the
basic flow characteristics of the unactuated BL case. The subfigures Fig. 4.1a-f show the in-
stantaneous flow field for vortex ages of ψv = 3.56◦ − 31.68◦ relative to the quarter chord line
or ψv = 0.96◦ − 29.08◦ relative to the blade trailing edge (TE). Every second recorded image
of the corresponding time series is depicted, with a vortex age difference between the plots of
∆ψv = 5.625◦. The vorticity contours corresponding to values between ωz/Ω = −50 and +150
are plotted, together with every fourth vector of the in-plane velocity field. The position of the
blade tip TE is marked by a red plus and the detected circular seeding void is indicated by a
white circle. Figure 4.1a contains two masked-out regions with artifacts due to the illuminated
blade close to the light sheet in both camera fields of view (FOVs).

For the earliest vortex age in Fig. 4.1a, the forming tip vortex is indicated by a global maximum
in vorticity. Its outline is non-axisymmetric and it contains the highest vorticity magnitude of
the time series. Inboard of the vortex, a sheet of moderate vorticity indicates the shear layer
behind the blade. The vortex roll-up is evident in Fig. 4.1b, where the vorticity sheet starts to
convect with the flow field. Its outboard part is affected by the vortex-induced velocity, while
the influence of the rotor downwash dominates further inboard. The imaged part of the vorticity
sheet thus starts to convect downwards in a spiraling motion around the tip vortex, while part
of it merges with the vortex core. Simultaneously, the vortex starts to convect radially inwards,
above the vorticity sheet. In the following subplots in Fig. 4.1c-f, the vorticity magnitude of
the tip vortex further decays and its shape becomes increasingly axisymmetric. Due to the
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Figure 4.1: Temporal development of BL tip vortex and vorticity sheet for ψv = 3.56◦ − 31.68◦

with vorticity contour, velocity field, seeding void (white circle), blade tip TE (red
plus), and blade-related artifacts. Every second frame and fourth vector is shown.

initial asymmetry and the ongoing roll-up process, it is expected that the derived form factors
of the tip vortex deviate from the theoretical vortex development models in literature (see e.g.
Ramasamy & Leishman 2006a) for young vortex ages below ψv ≈ 15◦. Concurrently with the
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vortex development depicted in Fig. 4.1c-f, the particle void increases in diameter and covers a
significant part of the vortex core. The vorticity in the wake sheet further decays and continues
to merge with the tip vortex. One especially accentuated part in the middle of the imaged
vorticity sheet is maintained for a longer time than the rest of the sheet and is visible e.g. as a
band of elevated vorticity on the left side of Fig. 4.1c. The structure decays into discrete spots
of elevated vorticity in the following time steps, and can be traced throughout the remainder of
the roll-up process.

The high temporal and spatial resolution of the PIV system allowed for the spatial combination
of instantaneous velocity and vorticity fields. Figure 4.2 depicts three-dimensional (3D) vortic-
ity data based on a sequence of 13 instantaneous velocity fields corresponding to the same BL
case as shown in Fig. 4.1. The image sequence contains an extended range of vortex ages of
ψv = 3.56◦ − 37.31◦, with an azimuthal increment of ∆Ψ = 2.81◦ between the images. The data
corresponds to a total measurement time of 5.4 ms, which is plotted with respect to the passing
of the quarter chord through the measurement plane at t0. Five example planes are depicted par-
allel to each other along the vortex age axis. For reasons of clarity, the parallel layout neglects
the angular offset between the image planes, and only every third image plane is depicted. Each
of the five depicted planes contains a down-sampled in-plane velocity field with every eighth
vector shown, and the weakly smoothed out-of-plane vorticity component ωz, which is normal-
ized with the rotor rotational frequency Ω and colored according to the legend in the top right
corner of the graph. Figure 4.2 further contains interpolated isosurfaces of the vorticity at six
discrete levels between ωz/Ω = 25 and 150.

Figure 4.2: Temporal development of BL tip vortex and vorticity sheet behind the blade. Only
selected vorticity isosurfaces, contour planes, and velocity vectors are shown.
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The most dominant flow feature in Fig. 4.2 is the blade tip vortex, which appears as a semitrans-
parent green cylinder that stretches over the entire measurement domain. As explained earlier,
the vortex has a predominant radial convection towards the rotor hub at negative x values, and
travels close to the rotor plane. The vorticity isosurfaces also visualize the sheet of vorticity that
is created in the shear layer behind the rotor blade. As previously discussed, the vorticity magni-
tude within the sheet quickly decays, while part of the vorticity sheet rolls up around the tip vor-
tex. This roll-up process is almost complete at the maximum visible vortex age of ψv = 37.31◦,
where the vorticity in the outboard blade wake is largely diffused, or spiraling around the tip
vortex. The diameter of the tip vortex, as represented by the isosurfaces in Fig. 4.2, appears to
slowly decrease over the observation period. This effect is caused by the constant vorticity lev-
els of the isosurfaces and the diffusion of the vorticity with time. The graph therefore does not
show that the vortex diameter – which is represented by the radial location of the peak swirl
velocity – slowly increases after the initial vortex roll-up phase. The peak swirl velocity Vθ si-
multaneously decreases, which is indicated by the decrease in vector length from the first to the
last measurement plane. The temporal development of the vortex parameters will be discussed
in detail in Subsection 4.1.4.

The plot in Fig. 4.2 illustrates the visualization capabilities of a PIV system with both a high
spatial and temporal resolution. The computation of a 3D vorticity field in the present work is
not the first of its kind, see e.g. Richard et al. (2006) and Percin et al. (2014). Richard et al.
performed a quantitative analysis of a measurement domain 3.44◦ − 7.04◦ behind a hovering
blade based on 65 phase-averaged PIV images. Compared with the reconstruction by Richard
et al. (2006), the present evaluation aimed at the investigation of a large azimuthal flow domain.
It was solely based on 13 unaveraged and instantaneous PIV images and therefore required a
fraction of the measurement time and processing of the previous study. The evaluation presented
in Fig. 4.2 therefore constitutes an effective measure for the study of tip vortex-related flow
phenomena such as blade-vortex interactions (BVI).

4.1.2 Baseline case: vortex trajectories from PIV

Figure 4.3 depicts the normalized vortex trajectories from two different measurement runs under
nominal conditions without actuation, after Bauknecht et al. (2015). The 80 individual and
time-resolved vortex trajectories are depicted as light blue curves on top of the blade contour
marked in gray. This contour marks the average intersection area between the laser light sheet
and the rotor blades. The vortex positions are plotted relative to their corresponding blade
tip TE positions. The axes of the graph are normalized with one percent of the rotor radius
and centered on the combined blade tip position, which is marked by a red plus in the graph.
A dark blue line with blue dots represents the mean vortex trajectory. The dots indicate the
averaged data points at vortex ages of ψv = 3.56◦ − 34.49◦. Note that vortex positions outside
an interval of two standard deviations around the average curve and trajectories consisting of at
least 1/3 of those scattered positions were considered to be outliers and are thus not included in
this average curve. A light blue band of one standard deviation around the mean indicates the
scattering of the curves. The band combines the vertical and horizontal standard deviations in
one representative value. The individual trajectories all exhibit a similar trend with a dominant
radial convection towards the rotor hub, located to the left of the graph. Superimposed is a
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Figure 4.3: Vortex trajectories of BL case relative to detected blade tip TE position with inset
of blade tip scattering, after Bauknecht et al. (2015)

slight upward convection close to the blade tip that turns into a downward convection as the
vortices are affected by the rotor downwash. This convectional pattern occurs due to the pre-
twisted blades that reduce the local lift, and therefore the downwash, close to the blade tip (van
der Wall & Richard 2008). The turning points of the individual trajectories are found between
ψv = 10◦ − 20◦. The present data thus compares well with results from van der Wall & Richard
(2008), who reported a turning point at a wake age of ψv = 15◦ for a hovering rotor with similar
test conditions and pre-twist.

The scattering of the vortex trajectories that has been observed in the current BL measurements
is a characteristic feature of rotors that are operated in recirculating flow in ground effect. The
aperiodicity of the blade tip TE position is presented in the inset of Fig. 4.3 and illustrates the
cycle-to-cycle and blade-to-blade variations. The inset shows an enlarged view of the individ-
ual blade tip TE positions with respect to the mean position that is marked by a red plus sign.
The vertical tip scattering has a standard deviation of ±0.17 %R, while the horizontal scattering
is predominantly caused by the inhomogeneous blade radii and otherwise negligible. The de-
tected blade-to-blade variations in the radial direction are of the order of ±2 mm or ±0.1 %R.
The standard deviation of the absolute vortex positions at the youngest measured wake age
of ψv = 3.56◦ is 0.19 %R in the vertical and 0.07 %R in the radial direction, and comparable
with the blade tip scattering. The vortex aperiodicity decreases when plotted in the blade tip-
normalized frame of reference in Fig. 4.3, and takes on values of 0.05 %R in both the horizon-
tal and vertical direction. The amplitude of the vortex aperiodicity in the normalized frame of
reference increases with wake age and amounts to standard deviations of 0.13 %R in the hori-
zontal and 0.17 %R in the vertical direction at ψv = 34.49◦. The determined normalized aperi-
odicity values thus show that the initial vortex scattering is mainly induced by the unsteadiness
of the blade tip position, while for older vortex ages of around ψv = 34.49◦, the cycle-to-cycle
variations in the flow field dominate the vortex scattering.
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4.1.3 Baseline case: vortex trajectories from BOS

In addition to the PIV-based vortex positions, vortex trajectories were reconstructed based on
images acquired by the two BOS cameras, as described in Subsection 3.3.10. Figure 4.4 depicts
BOS-based vortex trajectories for an unactuated test case similar to Fig. 4.3 with a blade load-
ing of CT/σ = 0.044 close to the BL case. The positions correspond to a plane parallel to the
PIV light sheet with a distance of 38 mm from the PIV light sheet at Ψ ≈ 181◦. In contrast to
Fig. 4.3, only one mean tip position was determined for the set of 40 individual vortex trajec-
tories. The vortex trajectories, therefore, are not normalized with each individual blade tip po-
sition, but instead plotted in a common frame of reference that includes the aperiodicity due to
blade-to-blade variations. The red plus sign representing the mean tip TE position and the gray
intersection area of the blade with the PIV light sheet in Fig. 4.4 are added as a reference for the
trajectories. For better comparison with the PIV-based trajectories, the plot axes are normalized
with the mean TE position and expressed as a percentage of the rotor radius R. It is noted that
the blade tip and contour were reconstructed from a pair of BOS recordings by manually select-
ing the TE position in the unsharp images of the rotor blade tip. Their positions therefore have
an increased uncertainty compared to the reconstructed tip positions from the PIV images.

Figure 4.4 shows 40 individual vortex curves as light blue lines corresponding to a range of vor-
tex ages between ψv = 3.6◦ and 43.0◦. The corresponding average vortex convection is indicated
by a solid and dark blue curve with markers indicating the individual measurement points. The
trajectories exhibit a similar trend as obtained by the PIV analysis, with a predominant convec-
tion towards the rotor hub in combination with an initial uplift and a subsequent vertical redi-
rection. The BOS trajectories feature a slightly lower vertical acceleration as for the PIV data
in Fig. 4.3, possibly due to the decreased blade loading compared to the BL case. The curves
also exhibit a radial offset of about −0.2%R, which could by connected to the inaccurate tip lo-
calization in the BOS data. Overall, the two PIV and BOS data sets show a reasonably good
overlap considering the slightly different test conditions and measurement planes.
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Figure 4.4: BL vortex trajectories reconstructed from two BOS cameras with added blade tip
position for reference, after Braukmann (2015)
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4.1.4 Baseline case: vortex characterization from PIV

The instantaneous velocity fields around the detected vortex center positions of a BL test case
were extracted and corrected for the vortex convectional velocity. The peak swirl velocity Vθ,max

and the core radius rc were then extracted from a Vatistas model fit to the swirl velocity profiles,
as described in Subsection 3.3.6, and individually averaged. The peak axial velocity compo-
nent Vz,max was estimated according to the evaluation described in Subsection 3.3.6. Figure 4.5a
depicts the temporal development of Vθ,max (blue curve) and Vz,max (red curve) for an individu-
ally averaged sequence of 80 test sequences of the BL case, after Bauknecht et al. (2015). Fig-
ure 4.5b shows the corresponding core radius rc and void radius. The two velocity components
are normalized with the blade tip speed ΩR, while the core and void radius are normalized with
the chord length c. All curves are plotted over a range of vortex ages of ψv = 3.56◦ − 37.31◦

relative to the passage of the quarter chord. The passage of the blade tip TE through the mea-
surement plane is also indicated in both subplots of Fig. 4.5 by black vertical lines. The dots
in the graph represent the individually averaged peak velocity values or radii, and the colored
bands around them indicate the aperiodicity by one standard deviation. The peak values of
Vθ,max = 0.35 Vtip and Vz,max = 0.24 Vtip are both found for the youngest vortex age of ψv = 3.56◦

and compare well with previous measurements of van der Wall & Richard (2008). A substantial
decrease of 18 % Vθ,max and 30 % of Vz,max occurs within the first 37.3◦ of vortex age. The reduc-
tion rate of Vθ,max in the comparable HOTIS test was substantially higher with 34 % during the
initial 37.3◦ of vortex age. The temporal development is approximated by an arbitrary curve fit
with Vθ,z ∝ ψ−a with the fit coefficient a = 0.07 for Vθ,max and a = 0.16 for Vz,max. The curve fits
are added as solid lines in Fig. 4.5a to illustrate the general trend of the data. The standard devi-
ation for the peak swirl velocity is of the order of 2.5 %Vtip and illustrates the significant cycle-
to-cycle variations of the unactuated rotor. The standard deviation of Vz,max is of the order of
5 %Vtip and mainly affected by the increased measurement uncertainty within the particle void.

The core development for the present BL case is plotted as a series of blue dots in Fig. 4.5b for
the same range of vortex ages of ψv = 3.56◦ − 37.31◦ as plotted in Fig. 4.5a. Studies by various
researchers (Oseen 1911, Lamb 1932, Squire 1965) have found that the temporal development
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of the core radius of a trailing blade tip vortex can be approximated by a square root function,
as e.g. described in Eqs. (2.17) and (2.18). A corresponding fit function is plotted in Fig. 4.5b
as a blue line. The fit curve compares well with the data points above a vortex age of about
ψv = 15◦. Below this value, the measured core radius does not follow the fit curve and initially
decreases by 19 % from 4 %c to 3.25 %c. The deviation from theory mainly originates from the
previously discussed unfinished vortex roll-up, with additional minor influences due to the radial
particle tracking errors and high flow field gradients close to the core boundary. The influence
of the vorticity sheet on the young tip vortex has already been described in Fig. 4.2 and could
explain the shift of the core radius to larger values. Several studies reported similar deviations
of the core radius from the vortex models for young vortex ages. The core radius measurements
performed by Coyne et al. (1997) with a laser Doppler velocimetry (LDV) system exhibit no
clear trend below a vortex age of 20◦ for a one-bladed rotor and below 60◦ for a two-bladed
rotor. The results obtained by Bhagwat & Leishman (2000) show a reversed growth trend for
vortex ages below 30◦. Ramasamy et al. (2009b) also discovered a reduction of the core radius
by up to 30 % for vortex ages between ψv = 0◦ − 30◦. They attributed this trend to the positive
strain rates during the unfinished vortex roll-up and the corresponding counteraction of the
vortex diffusion. It is noted that the initial decrease of the core radius is found for the majority
of the present measurement conditions, except for some highly actuated active twist test cases.
In addition to the core radius, Fig. 4.5b also depicts the temporal development of the void radius
by black diamond signs. The seeding void radius quickly expands from 1.8 %c to 3.1 %c for
young vortex ages below ψv = 14.81◦. Thereafter, the growth rate decreases and the seeding
void radius follows the core radius development with only a marginal offset. The largest void
radius is reached at the oldest observed wake age of ψv = 37.31◦ with a value of 3.5 %c.

4.1.5 Baseline case: vortex characterization from BOS

The density field around the unactuated tip vortex was analyzed in a second part of the BL
vortex characterization. A reconstruction of the density was carried out by Braukmann (2015)
based on the detected vortex positions in the displacement images of the lower BOS camera 1,
and according to the processing schemes described in Subsection 3.3.11. The results of the
BL density analysis are plotted in Fig. 4.6. The left subplot in Fig. 4.6a shows the temporal
development of the minimum density in the vortex core ρmin relative to the ambient density ρ∞
over a range of vortex ages between ψv = 3.6◦ and 45◦, including a fit curve as a guide to
the eye. The corresponding decay of the peak swirl velocity Vθ,max is given for reference and
plotted over a second vertical axis on the right border of Fig. 4.6a. The minimum core density of
ρmin/ρ∞ = 0.894 is found at the first detected vortex age of ψv = 3.6◦. The density deficit quickly
recovers to ρmin/ρ∞ = 0.946 at ψv = 22.9◦, followed by a moderate increase to ρmin/ρ∞ = 0.955
at ψv = 45◦. The corresponding temporal development of Vθ,max exhibits a continuous decrease
in the rate of change with wake age without a distinct switching point in time.

The reconstructed density profiles across the vortex core also enabled the determination of the
vortex size from the BOS data. The core radius rc was obtained as the half width at half height
of the instantaneous density distributions. This measure constitutes an appropriate estimation
for the core radius, as it corresponds exactly to the radial distance of the peak swirl velocity
from the vortex axis for the Vatistas vortex model with n = 2. Figure 4.6b depicts the temporal
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Figure 4.6: Plots of a) peak swirl velocity and density, and b) core radius of the BL case over
vortex age, after Bauknecht et al. (2015) and Braukmann (2015)

development of the median core radius rc relative to the blade chord c, as determined from
PIV and BOS data. A square root trend curve represents the characteristic core development
with time, as expected by common vortex models. The velocity-based core radius exceeds the
density-based core radius by about 0.35%c on average and by up to 0.9%c during the vortex
roll-up. Compared to the PIV data set, the density-based core radius exhibits a similar but less
pronounced deviation from the characteristic square root trend during the initial roll-up phase,
and both data sets locate the end of the roll-up phase at about ψv = 15◦. Overall, the velocity-
and density-based core radii exhibit qualitatively similar trends with only a small offset. The
combined density and velocity data sets for the unactuated BL test case constitute a proper
reference data base for the investigation of the actuator-induced effects on the blade tip vortices.

4.2 Thrust variation case

The second phase of the hover test aimed at determining a performance diagram for the unac-
tuated BL rotor. A thrust sweep was conducted at a nominal blade frequency of Ω = 109 rad/s
with thrust and blade loading settings, as specified in Table 4.1. The corresponding blade tip
angles that were measured with stereo pattern recognition (SPR) at the Ψ = 270◦ position are
also included in Table 4.1.

Table 4.1: Rotor settings for the thrust sweep

Thrust T (N) 1000 1356 1897 2450 3004

Blade loading CT/σ 0.019 0.025 0.035 0.045 0.056

Tip angle αtip (deg) 3.44 4.24 5.25 6.28 7.23
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4.2.1 Thrust variation case: vortex trajectories from PIV

Figure 4.7 shows the average vortex trajectories for blade loadings of CT/σ = 0.019 − 0.045.
The layout of the plot is consistent with Fig. 4.3, where the vortex trajectories are all plotted
relative to their corresponding blade tip TE positions. The vortex trajectories for thrust levels
above the nominal condition exhibited highly increased cycle-to-cycle variations compared to
the other test cases. This aperiodicity originated from the recirculation in the rotor test hall and
the inhomogeneous inflow conditions of the rotor, and necessitated the previously mentioned
reduction of the nominal thrust level to 2450 N instead of the planned value of 3580 N for the
wind tunnel test. The increased aperiodicity above the present nominal thrust level rendered
the mean vortex trajectories meaningless. The blade loading of CT/σ = 0.056 featured cycle-
to-cycle variations with more than twice the amplitude of the baseline case and is therefore not
shown in Fig. 4.7. The phase-averaged vortex positions of the other thrust levels are plotted
as colored markers in Fig. 4.7, together with polynomial curve fits as a guide to the eye. The
background of the chart contains gray blade contours with edge colors according to the differ-
ent blade loadings. These contours represent the mean intersection area between the PIV mea-
surement plane and the rotor blades. The blade tip TE position is marked by a red plus sign and
located outside this intersection area for blade tip angles above αtip ≈ 4.5◦.

The depicted vortex trajectories exhibit a general trend of a predominantly radial convection,
similar to the BL case shown in Fig. 4.3. The peak height of the trajectories above the TE tip
increases with blade loading and stagnates for the nominal thrust case. At the same time, the
blade tip pitch angle and absolute vertical blade tip position increase as well. The initial location
of the vortex trajectories above the tip TE suggests that the vortices form further upstream on
the blades. Finally, Fig. 4.3 depicts a variation of the convection velocity for the different blade
loadings. The mean convection velocity is of the order of 2.4 % Vtip for the lowest blade loading
of CT/σ = 0.019, and increases to 5.9 % Vtip for the nominal thrust level.
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Figure 4.7: Vortex trajectories for different blade loadings CT/σ, normalized with the blade tip
TE positions, after Bauknecht et al. (2015)
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4.2.2 Thrust variation case: vortex strength from PIV

The variation of Vθ,max and rc with blade loading are shown in Fig. 4.8. The two subfigures
depict data from the STAR hover test (red and blue markers), and from other studies (black
markers), as listed by Martin & Leishman (2002). The peak swirl velocities of the present thrust
variation study were sampled at a vortex age of ψv = 6.37◦ relative to the quarter chord line or
3.77◦ relative to the TE, see Fig. 4.8a. Data corresponding to the second-youngest vortex age is
plotted here for comparison with results in the literature that were sampled around 5◦ − 10◦ of
wake age. A steady increase is found for Vθ,max with blade loading. Only the reduced value for
the highest blade loading of CT/σ = 0.056 does not follow this trend. As discussed before, the
aperiodicity increases significantly for this thrust level, and the swirl velocity fields feature an
increased asymmetry. These influences, in combination with the large particle displacements
due to the selected image separation time, led to an underestimation of Vθ,max for this elevated
thrust level, which is marked by a hollow symbol in Fig. 4.8a. Apart from the highest thrust
level, the present results correlate well with results from the similar HOTIS test (van der Wall
& Richard 2008). The increase of Vθ,max over blade loading is steeper for the STAR and HOTIS
data sets than for the other results from literature. The overall agreement, however, is still
acceptable, as the scales, blade pre-twists, and test conditions vary between these experiments.

Figure 4.8b depicts the normalized core radius over blade loading. The STAR data is plotted for
two different wake ages of ψv = 6.37◦ (red markers) for the unfinished vortex roll-up and for
ψv = 14.81◦ (blue markers) to the end of the roll-up process. Both data sets are of comparable
value and trend, with an increase of the core radius with blade loading. The core radii from the
HOTIS measurements also show an increase with blade loading above a value of CT/σ = 0.04,
but remain on a constant level for smaller blade loadings. Apart from the HOTIS and STAR
measurements, there is a lack of publicly available thrust sweep data including the core radius,
as well as general results for blade loadings below CT/σ = 0.05. The other plotted data sets in
Fig. 4.8b constitute singular measurement points that are difficult to compare with the present
results. It is noted that any comparison of initial core radii over blade loadings is complicated by
the influence of the vortex roll-up and the different sampling vortex ages of the evaluated studies.
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4.2.3 Thrust variation case: vortex strength from BOS

An additional analysis of the effects of the thrust variation on the vortex strength was conducted
based on the reconstructed density fields around the vortex. Figure 4.9 (after Braukmann 2015)
shows average density distributions across the vortex for vortex ages of ψv = 7.51◦ (Fig. 4.9a)
and ψv = 32.83◦ (Fig. 4.9b), and different blade loadings between CT/σ = 0.025 and 0.065.
The reduced density values ρ/ρ∞ are plotted with a vertical offset of 0.03 between individual
data sets for reasons of clarity. The solid lines represent best fits of a vortex density model from
Bagai & Leishman (1993) to the data, as specified in Eq. (3.50). All curves in Fig. 4.9 depict
a similar qualitative trend with a peak density reduction at the vortex center and an asymptotic
density recovery to the ambient level for increasing distance to the vortex axis. The minimum
core density of ρmin/ρ∞ = 0.831 is obtained for the highest blade loading of CT/σ = 0.065 at a
vortex age of ψv = 7.51◦, as shown in Fig. 4.9a. The core density continuously increases with
dropping blade loading to a value of ρmin/ρ∞ = 0.974 for CT/σ = 0.025. A comparison of the
two subplots in Fig. 4.9 shows that the density deficit reduces with time, as expected e.g. from
the decay in vortex strength in Fig. 4.5.

The temporal development of the density field around the vortex is illustrated more clearly in
Fig. 4.10. The subplot in Fig. 4.10a depicts the minimum core density over the vortex age for
different blade loadings CT/σ = 0.025 − 0.065, including fitted spline curves. The curves
in Fig. 4.10a exhibit a qualitatively similar trend of a continuous density recovery, which is
divided into an initial phase with a steep recovery and a subsequent phase with a moderate
and asymptotic density increase. The transitional point between the two phases depends on the
blade loading and increases from about ψv = 10◦ for CT/σ = 0.025 to ψv = 30◦ for the highest
depicted blade loading of CT/σ = 0.065. The density recovery is not complete at these vortex
ages and the remaining density deficit also scales with the blade loading.
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The subplot in Fig. 4.10b depicts the core radius and fitted spline curves over the same range of
blade loadings as in Fig. 4.10a. The data points for the lowest blade loading of CT/σ = 0.025
exhibit an increased variation with vortex age compared to the other curves and no meaningful
trend for young vortex ages below ψv = 25◦, possibly due to the flat density distribution of the
corresponding curves in Fig. 4.9. The curves corresponding to higher blade loadings exhibit an
initial reduction in core radius due to the vortex roll-up, followed by a characteristic growth of
rc proportional to the square root of the wake age, as indicated by the dashed lines. The core
growth and the consequent core radii at increased vortex ages depict a dependency on the blade
loading. At a vortex age of ψv = 45◦, a core radius of rc = 2.44%c is obtained for a blade loading
of CT/σ = 0.035, compared to a maximum core radius of rc = 5.01%c for CT/σ = 0.065.

The results obtained from the reconstructed vortex density reproduce the trends for the initial
vortex strength in Fig. 4.8a. The initial development of the density-based core radius suggests
that the core radii in Fig. 4.8b might be sampled at a wake age that is too early and may contain
effects of the unfinished vortex roll-up. The growth of the core radius with increasing blade
loading that was found in the PIV data is confirmed by the density measurements.

4.2.4 Summary

In summary, the thrust variation study demonstrates the influence of the blade loading on the
vortex trajectories and core parameters. The examined vortex trajectories show qualitatively
similar trends, as well as an increasing vertical offset and vortex convection velocity with blade
loading. The peak swirl velocity exhibits a variation with blade loading that compares well
with results from the similar HOTIS test. The core density of the vortex depicts a comparable
proportionality with the blade loading. The core radius shows a stronger dependency on blade
loading than the HOTIS results, but matches the range of results found in literature. This de-
pendency is found for core radii based on the velocity and density evaluation. The magnitude
of the changes due to the variation of the blade loading serves as a comparison for the effects of
the active twist actuation, which will be discussed in the following section.



80 Chapter 4. STAR results and discussion

4.3 Active twist actuation

The active twist actuation has a direct effect on the blade twist distribution and the blade flap
deformation via a coupled motion. The aerodynamic effects are indirect, as they are caused
by the deformation of the blades. The blade deformations are consequently outlined first in
Subsection 4.3.1, followed by a discussion of the effects of the active twist actuation on the
strength (Subsection 4.3.3) and positions (Subsection 4.3.2) of the blade tip vortices, as well
as an analysis of 3D vorticity fields in Subsection 4.3.5. Preliminary PIV results based on
instantaneous velocity fields for the 1/rev and 3/rev actuation frequencies have already been
published in a STAR overview paper by Hoffmann et al. (2014). Part of the final PIV results
presented within this section have also recently been published by Bauknecht et al. (2015).

4.3.1 Active twist actuation: blade deformation

The blade response to the active twist actuation was measured in a separate test campaign after
the aerodynamic examination. SPR and blade tip light emitting diode (LED) measurements
were conducted by researchers from the DNW and the DLR Braunschweig, respectively. The
results of this second hover test were published by Hoffmann et al. (2014) and are summarized
here. An additional interpretation of the blade deformations is given with respect to their impact
on the blade aerodynamics and a prediction of the vortex strength is derived.

The twist actuation was applied to the trimmed rotor with BL conditions of T = 2450 N and
Ω = 109 rad/s. The higher-harmonic blade control caused a harmonic change in the elastic tor-
sion and flap bending with a certain phase delay. A direct correlation between the blade torsion
and the blade tip angle can be assumed, as the effects of the elastic torsion outweigh other un-
steady effects. The blade tip angle therefore oscillated harmonically around the unactuated BL
condition. The control angles of the rotor were not readjusted during the active twist control,
to measure the actuation-induced changes of the rotor loads and moments. The present evalua-
tion is based on a series of active twist test cases with sinusoidal actuation with frequencies of
1/rev − 5/rev and a control amplitude of U = 600 V. The active twist control phase was varied
in increments of 45◦ to capture one complete period of the higher-harmonic blade motion.

Blade tip deformations from SPR measurements are shown in Fig. 4.11, after Hoffmann et al.
(2014). The subplots depict the twist deformation amplitudes (Fig. 4.11a), vertical tip displace-
ments (Fig. 4.11b), as well as the corresponding phase delays (Fig. 4.11c,d) of all four rotor
blades over the actuation frequency k. The inhomogeneous blade properties cause some dis-
crepancies between the individual curves of the four rotor blades in all subplots of Fig. 4.11, but
do not affect the overall consistent trends. The blade tip response in twist in Fig. 4.11a reaches
its peak between the actuation frequencies 2/rev and 3/rev, and decreases to negligible ampli-
tudes for a frequency of 5/rev. This is due to the natural torsion frequency of the blades of about
3.5/rev and an amplification of the torsion close to this frequency. Simultaneously, the corre-
sponding phase delay in twist increases with actuation frequency, as depicted in Fig. 4.11c. The
amplitude distribution of the flapping motion is shown in Fig. 4.11b and peaks at the 1/rev fre-
quency, which is close to the first flap mode of the rotor blades at 1.03/rev. The corresponding
phase delay in Fig. 4.11d peaks for the 4/rev actuation frequency with a phase angle of 360◦.
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Figure 4.11: Graphs of a,b) blade twist and flap deflection amplitude, and c,d) corresponding
phase angles over control frequency for Un = 600 V, after Hoffmann et al. (2014)

The local pitch angle at the blade tip influences the blade aerodynamics, including the tip vor-
tices. The strength of the blade tip vortices, however, is also affected by the local lift and circu-
lation distribution close to the tip, and the effective angle of attack αe at the blade tip with re-
spect to the oncoming flow field. In the present study, the actuator-induced changes of the effec-
tive angle of attack at the blade tip ∆αe are used as a simplified predictor for the vortex strength.
The effective tip angle is influenced by the blade twist and the vertical blade tip flapping mo-
tion; both, therefore, have to be considered for the prediction of the vortex strength. Depend-
ing on the actuation frequency, the vertical blade motion evokes changes of αe of up to 0.7◦ in
amplitude. This effect is proportional to the vertical tip velocity, which runs −90◦ ahead of the
tip flapping oscillation. The resulting actuator-induced changes of the effective angle of attack
∆αe,total relative to the BL tip angle are computed here as the superposition of the tip torsion an-
gle ∆αe,tors and the induced angle due to the vertical flapping motion of the blade tip ∆αe,flap.

Figure 4.12 depicts the corresponding changes of αe at the forward rotor position Ψ = 180◦ for
actuation frequencies between 1/rev (Fig. 4.12a) and 5/rev (Fig. 4.12e). The curves in Fig. 4.12
consider the phase delays of flapping and torsion, and the −90◦ offset for the peak velocity of
the vertical blade motion. The square markers in Fig. 4.12 indicate the tip torsion measured by
SPR with 45◦ increments. The markers in Fig. 4.12a and b have a phase offset of 10◦ due to an
issue with the triggering system. The thick blue lines represent the mean change due to the tip
torsion of all four blades ∆αe,tors,k, with the corresponding standard deviation marked by light
blue bands. The red dashed lines represent the flap-induced change of the effective angle of
attack ∆αe,flap,k and the solid black lines the total change ∆αe,total,k as the sum of the other curves.
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Figure 4.12: Change in effective blade tip angle at Ψ = 180◦ rotor azimuth due to torsion-
and flap-induced blade motion, plotted over actuation phase angle ϕk for actuation
frequency of a) 1/rev to e) 5/rev

Figure 4.12a shows moderate torsion angles of around |∆αe,tors,1| = 1◦ for the 1/rev actuation
frequency, with a corresponding phase delay in torsion response of 19◦. The proximity of the
actuation to the first flap mode of the rotor blades at 1.03/rev leads to large blade tip deflections
of 17 − 25 mm with a phase delay in flap response of about 92◦. The corresponding peak
vertical velocity of the blade tip is of the order of 2.7 m/s or 1.2 %ΩR, and results in a harmonic
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change of the effective angle of attack with an amplitude of |∆αe,flap,1| = 0.7◦. The flap- and
torsion-induced curves are almost anti-cyclic and partly cancel each other out, as indicated by
the reduced amplitude of |∆αe,total,1| = 0.34◦ for the black curve. Based on the SPR results,
the 1/rev actuation is thus expected to have a small effect on the vortex strength and cause a
moderate vertical offset of the vortex trajectories due to the blade flapping motion.

The torsion amplitudes of the 2/rev and 3/rev actuation in Fig. 4.12b and c are both of the
order of |∆αe,tors,23| = 1.8◦, but with different phase angles for the peak positions. The max-
imum variations between the torsion-induced changes of the individual blades are of the or-
der of 0.5◦ in amplitude and 20◦ in phase delay. The vertical blade tip deflections of 7 mm
for the 2/rev actuation and 5 mm for the 3/rev actuation result in small flap-induced ampli-
tudes of |∆αe,flap,2| = 0.35◦ and |∆αe,flap,3| = 0.2◦, respectively. The flap-induced changes there-
fore have no significant effect on the total effective angles of attack of |∆αe,total,2| = 1.41◦ and
|∆αe,total,3| = 1.76◦. The 2/rev and 3/rev actuation frequencies are therefore expected to have a
strong effect on the vortex strength, and a moderate effect on the initial vertical vortex locations.

Figure 4.12d corresponds to the 4/rev actuation frequency and shows a comparable torsion
amplitude as for the 1/rev actuation. A moderate flap-induced effect occurs with almost the
same phase angle as the harmonic torsion, leading to an increased total change of the effective
angle of attack of about ∆αe,total,4 = 1.05◦, which is expected to be visible in the vortex strength.
Finally, the curves for the 5/rev actuation in Fig. 4.12e depict a negligible variation of the
effective angle of attack over the phase angle ϕ5 with peak amplitudes of |∆αe,tors,5| = |∆αe,flap,5| =

0.17◦ and a total peak value of |∆αe,total,5| = 0.35◦. Accordingly, the 5/rev actuation is expected
to have no significant effect on the strength and positions of the tip vortices.

4.3.2 Active twist actuation: vortex trajectories

Figure 4.13 depicts the impact of the active twist actuation on the vortex convection. The re-
sponse to the actuation frequencies 1/rev − 5/rev is shown in the subplots Fig. 4.13a-f. Each
subplot features the average vortex trajectories of the unactuated BL case (black curve), and
for the active twist actuation with a certain frequency k and various phase angles ϕk (colored
curves). Note that vortex positions outside an interval of two standard deviations around the
average curve and trajectories consisting of at least 1/3 of those scattered positions were con-
sidered to be outliers and are thus not included in this evaluation. The vortex trajectories in
Fig. 4.13a and Fig. 4.13c-f correspond to the actuation frequencies 1/rev−5/rev and are plotted
with respect to the corresponding individual blade tip TE positions xtip,ytip, which are marked
by red plus signs. The average intersection area between the rotor blades and the PIV measure-
ment plane is indicated by a gray area in the background of these subplots. The blade tip TE is
located vertically below the intersection area due to the pitch angle of the blade. Figure 4.13b
shows the same 1/rev data as Fig. 4.13a, but in the fixed frame of reference of the BL blade tip
TE position. Minor differences between the curves in Fig. 4.13a and Fig. 4.13b result from the
previously described outlier detection routine, which affected different data points in the two
frames of reference. The blade tip TE positions corresponding to the individual actuated vortex
trajectories are plotted as colored plus signs on the right side of the graph, whereas the BL TE
position is marked by a black plus sign. Figure 4.13b thus illustrates the effects of the relatively
large vertical flapping motion of the blade tip on the vortex trajectories for the 1/rev actuation
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frequency. The plot axes of all six subplots are normalized with one percent of the rotor radius.
One count in the subplots thus corresponds to a physical length of 20 mm. The actuation phase
angle was varied between ϕ3−5 = 0◦ and 315◦ for the 3/rev − 5/rev actuation. For the 1/rev
and 2/rev actuation frequencies, a phase offset due to an issue with the triggering system intro-
duced a shift of the investigated phase angles to the range of ϕ1−2 = 10◦ − 325◦.

Actuation with 1/rev

The subplots in Figs. 4.13a,b illustrate the effects of the 1/rev active twist actuation on the vor-
tex convection for different phase angles ϕ1. The vortex trajectory for the phase angle ϕ1 = 235◦

is located outside the PIV field of view and therefore not depicted here. The trajectories corre-
sponding to ϕ1 = 280◦ and 325◦ are also located close to the upper boundary of the field of view
– which is apparent in Fig. 4.13b – and therefore cut off at a vortex age of 9.2◦. The maximum
visible vortex age for the other trajectories ranges between ψv = 31.7◦ and 37.3◦ due to the dif-
ferent convection velocities. The majority of the vortex trajectories exhibit relatively small de-
viations of less than 0.4 %R from the BL trajectory in Fig. 4.13a. Only the curve correspond-
ing to a phase angle of ϕ1 = 100◦ deviates from the BL case by more than 0.5 %R, as it has the
steepest ascent above the tip path plane of all visible curves.

This picture changes noticeably in the absolute frame of reference of Fig. 4.13b. The effects of
the twist actuation on the absolute vortex trajectories are dominated by the vertical displacement
of the blade tip. The maximum deviations from the BL TE position are found for ϕ1 = 100◦

with −1.01 %R and for ϕ1 = 280◦ with +0.61 %R. In addition to this automatically determined
data, the tip position corresponding to the not depicted ϕ1 = 235◦ trajectory was also estimated
from the measurement images. This estimated tip TE position is depicted in Fig. 4.13b as a light
blue plus sign in brackets. It is located approximately 1.3 %R above the BL tip position, which
increases the total actuator-induced, vertical blade tip variation to about 2.3 %R. This blade tip
displacement also affects the initial vortex positions and therefore the whole vortex trajectories.
The shape of the ϕ1 = 100◦ curve still differs from the other trajectories in Fig. 4.13b, but it
does not exhibit a large or growing deviation to the BL curve, as visible in Fig. 4.13a. The
trajectories for ϕ1 = 145◦ and 55◦ feature an almost constant offset to the BL trajectory of
about 1 %R, which simultaneously constitutes the largest actuator-induced displacement for the
1/rev actuation. The alteration of the young vortex trajectories by the 1/rev actuation is thus
dominated by the blade tip deflection and only weakly affected by the variation of the tip angle.

Actuation with 2/rev

The effect of the 2/rev actuation on the vortex convection is shown in Fig. 4.13c. The evaluation
is based on a phase angle sweep excluding the ϕ2 = 100◦ and 145◦ angles due to reoccurring
actuator faults and the tight test schedule∗. As for the 1/rev actuation, the majority of the vortex
trajectories are located within a region of ±0.5 %R around the black BL curve. The curve for
ϕ2 = 325◦ is located up to 0.65 %R below the BL trajectory. A maximum deviation of more than

∗A malfunction of the active twist actuators occurred during the test of the 2/rev actuation, which led to an
interruption of the hover test for three weeks and thus disrupted the test schedule.
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Figure 4.13: Vortex trajectories for BL case and a) 1/rev to e) 5/rev actuation with different
phase angles ϕk, normalized with each individual blade tip TE position
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1.4 %R below the BL curve is achieved for a phase angle of ϕ2 = 55◦. The vertical scattering
of the blade tip TE positions due to the actuation is of the order of 0.38 %R relative to the BL
tip position; much lower as for the 1/rev actuation. The moderate effect of the 2/rev actuation
on the blade tip deflection only weakly modifies the trajectories, and the peak deviation of the
ϕ2 = 55◦ curve from the BL case still reaches 1.2 %R in the absolute frame of reference.

Actuation with 3/rev

The most articulated effects of the active twist actuation on the vortex convection were ob-
served for the 3/rev actuation frequency, as illustrated in Fig. 4.13d. The vortex positions for a
phase angle of ϕ3 = 315◦ are located above the PIV field of view and therefore not accessible
for this evaluation. The maximum visible vortex age of the other vortex trajectories varies be-
tween ψv = 34.5◦ and 45.7◦. The curves corresponding to the phase angles ϕ3 = 180◦ − 360◦

resemble the outline of the black BL trajectory and deviate from it by less than 0.3 %R at the
maximum visible vortex age. A second group of trajectories, corresponding to the phase an-
gles ϕ3 = 45◦ − 135◦, is located below the BL trajectory. These curves exhibit a significantly
increased vertical convection velocity for the entire range of observed vortex ages. The trajec-
tories thus resemble the trailing vortex system of an untwisted rotor with increased sectional
lift in the outboard part of the blade, see e.g. Milluzzo & Leishman (2013). The largest verti-
cal deviation from the BL trajectory is found for a phase angle of ϕ3 = 45◦ and takes on a value
of 2 %R for the maximum visible vortex age of the BL curve of 34.49◦. The vertical distance
of the actuated vortex to the lower rotor blade surface increases to about 2.1 %R within the first
45◦ of wake age. The miss distance to the following rotor blade – which is an important factor
for the strength of BVI – is estimated to be of the order of 5 %R, based on an extrapolation of
the measured convection rates. The basic layout of the curves in Fig. 4.13d is not significantly
affected by the vertical blade tip position, which scatters by up to +0.7 %R and −0.2 %R around
the BL location (not shown here). The range of vertical blade tip movement of 0.9 %R for the
3/rev actuation is significantly smaller than the 2.3 %R of the 1/rev actuation, which is in ac-
cordance with the blade tip deformation measurements shown in Fig. 4.11b.

It is interesting to note that the effect of the 3/rev actuation on the vortex trajectories highly
depends on the actuation phase angle, as it is negligible for phase angles outside the effective
ϕ3 = 45◦ − 135◦ range. The effective modification of the vortices is thus restricted to three
equally spaced azimuthal ranges with a combined extend of about one third of the rotor cir-
cumference. In a potential application of active twist to reduce BVI effects, the 3/rev actuation
could be applied to simultaneously modify the BVI-relevant vortex trajectories that are created
around the Ψ = 135◦ and 225◦ azimuthal positions on the advancing and retreating blade side.

Actuation with 4/rev and 5/rev

Finally, the results for the 4/rev and 5/rev actuation frequencies are depicted in the subplots in
Fig. 4.13e,f. Both graphs feature the trajectories of all eight actuation phase angles. The curves
are all similar to the BL trajectory with a comparable convection velocity and general trend.
For both actuation frequencies, the majority of curves vertically deviate by less than ±0.35 %R
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from the BL case. Only the ϕ4 = 0◦ trajectory for the 4/rev actuation frequency has a larger
and positive offset of 0.6 %R from the BL case, which is reached at a vortex age of ψv = 34.5◦.
The other noteworthy measurement case is the ϕ5 = 270◦ phase angle for the 5/rev frequency,
which is located within the general band of scattering around the BL case, but features a differ-
ent trend with a slightly increased vertical convection rate. The vertical blade tip variation from
the BL case is similarly small with maximum deviations of −0.17 %R to +0.37 %R for the 4/rev
frequency, and −0.1 %R to +0.44 %R for 5/rev. The small blade tip flapping amplitudes corre-
late well with the SPR measurements in Fig. 4.11b. All in all, the changes in vortex trajectory
are negligible for the higher actuation frequencies of 4/rev and 5/rev. For the 4/rev actuation
frequency, the measured changes are smaller than the predicted effects in Fig. 4.12d. The rea-
son for this over-prediction is not apparent and could not be determined from the present data
set. The displacement amplitudes of the 5/rev actuation from the BL trajectory are in accor-
dance with the predicted changes in Fig. 4.12e.

Comparison of vortex displacements at a single vortex age

A comparison of the effects of the five different actuation frequencies on the vertical vortex
displacement is given in Fig. 4.14. The depicted data points correspond to a single vortex age
of ψv = 28.87◦. This vortex age represents the maximum wake age at which a majority of
the detected vortices were still visible in all the subplots of Fig. 4.13. The plot depicts the
vertical deviation between the normalized and actuated vortex positions (yv − ytip)k and the
normalized BL position (yv − ytip)BL at the same wake age ψv = 28.87◦ as a percentage of the
rotor radius, plotted over the actuation phase angle ϕk. The BL position is marked by a black
horizontal line. The average vertical distances between the actuated trajectories and the BL
case are indicated by markers according to the plot legend. The error bars mark an interval
of one standard deviation around the actuated vortex positions to illustrate the corresponding
level of aperiodicity. Neighboring markers of the same actuation frequency are connected by a
colored line, whereas missing values are indicated by a dashed line. The data points in Fig. 4.14
underline the findings from Fig. 4.13. The vertical vortex locations for the actuation frequencies
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k = 1, 4, 5 are located within a band of ±0.5 %R around the BL value. Only the 1/rev actuation
with a phase angle of ϕ1 = 100◦ reaches a value of 0.56 %R above the BL trajectory, where
simultaneously the highest aperiodicity of ±0.38 %R occurs. The peak displacement for the
2/rev frequency is of the order of 1 %R below the BL case. The highest displacements of about
1.4 − 1.5 %R below the BL trajectory are again obtained for the 3/rev actuation frequency with
the phase angles ϕ3 = 45◦ − 135◦. While Fig. 4.14 contains only information from Fig. 4.13, it
facilitates the comparison of the vertical vortex displacements at a fixed wake age, which is not
obvious in Fig. 4.13 due to the varying vortex convection velocities.

4.3.3 Active twist actuation: vortex strength

The influence of the active twist actuation on the peak vortex strength was studied in a second
part of the data evaluation. The initial peak swirl velocity Vθ,max was used as a measure for the
vortex strength. It was determined from the velocity fields corresponding to the earliest wake
age of ψv = 3.56◦ by individually averaging the peak values of the fitted Vatistas vortex model,
as described in Subsections 3.3.6 – 3.3.7. Figure 4.15 shows the variation of Vθ,max from the BL
value Vθ,max,BL for actuation frequencies of 1/rev (Fig. 4.15a) to 5/rev (Fig. 4.15e) and various
actuation phase angles ϕk. The peak swirl velocity of the BL case is indicated by a black hor-
izontal line in each subplot of Fig. 4.15. The individually averaged values of Vθ,max are plotted
as colored markers over actuation phase angle, corresponding to the legends in Fig. 4.13. The
standard deviation of the averaged velocity values is represented by vertical bars. As mentioned
above, the velocity values for some phase angles are not available here because the correspond-
ing vortices left the FOV of the PIV cameras or could not be measured due to issues with the
actuators during the test campaign. In addition to the velocity data, the average variation of the
effective blade tip angle is added to the graphs as dashed sinusoidal curves. These curves corre-
spond to the black solid lines in Fig. 4.12 and are used for a comparison of the PIV results with
a simple prediction of the vortex strength. The dashed lines are centered on the BL value and
have the same, arbitrary scale for all five subplots.

Actuation with 1/rev

Figure 4.15a depicts the initial peak swirl velocity of the 1/rev actuation relative to the BL
velocity. The average velocity magnitude for the phase angles ϕ1 = 100◦ and 325◦ is located
close to the BL level. An average increase of +12 % with respect to the BL case is obtained
for ϕ1 = 190◦. The other phase angles exhibit a moderate decrease in Vθ,max of around −16 %.
The smallest average swirl velocity of Vθ,max = 0.26 ΩR is found for ϕ1 = 55◦ and 145◦ with an
average reduction of −18 % compared to the BL case. The typical aperiodicity of the velocity
values is of the order of ±10 % to ±20 % for most phase angles. A larger level of scattering
of ±33 % is observed for the phase angle ϕ1 = 190◦. A comparison between the effective tip
angle prediction and the peak swirl velocities only shows a weak correlation. The scattering
of Vθ,max is random and incoherent, and does not exhibit the expected harmonic trend. From
the SPR results in Fig. 4.12, no significant alteration is expected for the swirl velocities. This
is due to the flap-induced vertical blade tip motion, which reduces the impact of the actuation
on the effective tip angle by up to 65 %. Consequently, no clear correlation is found between
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Figure 4.15: Initial peak swirl velocity relative to BL case for a) 1/rev to e) 5/rev actuation
with different phase angles ϕk and dashed prediction models from Fig. 4.12

the predicted and measured vortex strength over ϕ1. A second factor that possibly contributed
to these deviations is the fact that for some actuation phase angles, the initial vortex roll-up
was not completely finished at a vortex age of ψv = 3.56◦. The corresponding swirl velocities
were partly reduced by elliptical vortex outlines or two smaller vortex cores in the process of
merging. Naturally, these complex conditions cannot be described by a simple correlation with
the effective angle of attack. As the excitation of flap motion is much less pronounced for the
other actuation frequencies, the 1/rev actuation can be regarded as an exceptional test case.
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Actuation with 2/rev

Based on the SPR results in Fig. 4.12, an increased impact of the active twist actuation on the
vortex strength is expected for the 2/rev actuation frequency due to the reduced flapping mo-
tion and a closer proximity to the natural torsion frequency of the blades. This increased ef-
fect is indeed observed in Fig. 4.15b, with measured peak deviations of up to ±60 % relative
to the BL peak swirl velocity, and average deviations of about half the size. An average in-
crease with respect to the BL condition is observed for actuation phase angles of ϕ2 = 10◦, and
ϕ2 = 235◦ − 325◦. The average swirl velocity exceeds the unactuated test case by up to +31 %
for a phase angle of ϕ2 = 280◦. This data point illustrates that the active twist actuation does not
necessarily accomplish a decrease in vortex strength on the entire rotor, but instead causes a re-
distribution of the trailing vortex strength over the rotor azimuth. The highest average reduction
of the peak swirl velocity of −33 % relative to the BL condition is determined for the test con-
dition with a phase angle of ϕ2 = 190◦. As the minimum effective pitch angle – represented by
the dashed curve in Fig. 4.15b – coincides with the unmeasured phase angles ϕ2 = 100◦ − 145◦,
the peak reduction in swirl velocity could be even higher than the minimum of −33 % that was
measured here. The observed scattering in the range of ±11 % to ±46 % is comparable with the
1/rev actuation case, and indicates a significant level of aperiodicity. Despite the scattering, the
average velocity values exhibit a good correlation with the effective pitch angle curve, and the
measured deviations from the BL velocity level even exceed the prediction. The results for the
2/rev actuation frequency thus show a significant control authority of the active twist actuation
over the strength of the trailing blade tip vortices.

Actuation with 3/rev

Figure 4.15c shows the influence of the 3/rev active twist actuation on the initial peak swirl ve-
locity Vθ,max for different phase angles ϕ3. The resulting individual peak swirl velocities devi-
ate from the BL value by up to −48 % and +38 %. The 3/rev actuation with a phase angle of
ϕ3 = 180◦ causes the highest average increase of the 3/rev actuation with +18 % compared to
the unactuated case. The values for ϕ3 = 90◦ and 135◦ are located close to the BL case. The
other phase angles exhibit a mean reduction in initial peak swirl velocity of −10 % or more.
A peak reduction of the average velocities of −34 % compared to the BL value is found for
ϕ3 = 270◦ with Vθ,max = 0.22 ΩR. This reduction in initial vortex strength is about twice as pro-
nounced as for the 1/rev actuation, as expected from the excitation of natural blade frequencies,
shown in Fig. 4.12. The aperiodicity of the 3/rev measurements is slightly reduced compared
to the 1/rev and 2/rev actuation frequencies. The scattering amplitude around the average ve-
locities takes on values of around ±15 % for the majority of the actuation phase angles, and an
absolute maximum of ±28 % for ϕ3 = 0◦. A vortex strength prediction based on the effective
angle of attack of the blade tip is again added as a dashed curve in Fig. 4.15c. Its amplitude is
comparable to the 2/rev case, but it features a phase offset of close to 180◦. The average values
for the initial swirl velocity show a good correlation with the vortex strength prediction. An in-
creased deviation occurs for the ϕ3 = 135◦ phase angle, which returns the same swirl velocity
as for the unactuated case, but was expected to feature the highest increase in vortex strength
according to the effective pitch angle prediction. It is yet unclear if this deviation can be at-
tributed to a measurement issue or to the simplified assumptions that the prediction model is
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based on. The results for the 3/rev actuation frequency illustrate a high control authority of the
active twist actuation on the vortex strength, which is comparable with the 2/rev results.

Actuation with 4/rev

A moderate impact on the vortex strength is observed for the 4/rev actuation frequency, which is
shown in Fig. 4.15d. The predicted control authority for the 4/rev frequency is slightly smaller
than for the 2/rev actuation, whereas the observed variations are comparable with the 1/rev ac-
tuation case. The measured swirl velocities scatter in a region between −35 % and +28 % rela-
tive to the BL value. The variation of the average values is restricted to a range between +8 % for
ϕ4 = 180◦ and −22 % for ϕ4 = 45◦. The aperiodicity of the individual swirl velocity values is of
the order of ±15 % for the majority of phase angles, and thus comparable to the 3/rev case. The
highest level of aperiodic scattering of ±19 % is obtained for a phase angle of ϕ4 = 180◦. The
average swirl velocities exhibit a high overlap with the dashed curve representing the effective
pitch angle variation. The peak deviation from the prediction occurs for ϕ4 = 225◦ with a reduc-
tion of −10 % instead of the predicted increase in vortex strength. It is interesting to note that
the value for the ϕ4 = 225◦ phase angle was reproducible, as it was measured twice on different
test days with the same results. In general, the 4/rev actuation attains only a moderate control
authority over the strength of the shed vortices, which is comparable to the 1/rev test case.

Actuation with 5/rev

The highest control frequency of 5/rev is situated relatively far away from the natural torsion
frequency of the blades, and thus expected to have no significant effect on the strength of the
trailing vortices. A small variation of the average swirl velocities is observed over the actua-
tion phase angle in Fig. 4.15e. The average swirl velocities corresponding to the phase angles
ϕ5 = 0◦ − 90◦ and 315◦ deviate from the BL level by 5 % or less. The other phase angles fea-
ture a reduced average swirl velocity of about −14 % with a peak reduction of −16 % relative to
the BL case for a phase angle of ϕ5 = 270◦. The aperiodicity of the swirl velocity is of the or-
der of ±15 % for the majority of the measured phase angles. Only the scattering for the phase
angle ϕ5 = 0◦ takes on a significantly increased value of ±36 %. This scattering simultaneously
governs the total actuator-induced scattering of the individual measurement values of between
−30 % and +41 % around the BL level. Overall, the 5/rev actuation only evokes small changes
of the vortex strength, as expected from the SPR results.

Concluding remarks

With the assumption of a linear dependency between αe and the vortex strength, the actuation
is thought to induce a sinusoidal oscillation of the peak swirl velocity around the BL value.
The obtained PIV results for all five actuation frequencies, however, exhibit a global tendency
towards smaller velocity amplitudes. In other words, the correlation between the prediction
model and the actuated velocity data could be improved by adding a negative offset to the
dashed model curves. This offset, as well as reproducible deviations between the PIV data and
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the model, illustrate that the impact of the twist actuation on the trailing vortex geometry is too
complex to be described by a single blade parameter alone. Nevertheless, the comparison of the
PIV results with the effective blade tip angle αe shows that the simple model has an adequate
overlap with the data and captures the main features of the higher harmonic vortex strength
variation. The results presented in Fig. 4.15 thus demonstrate the control authority of the active
twist actuation over the strength of the shed vortices on a hovering rotor.

4.3.4 Active twist actuation: swirl velocity and core size for 3/rev

The effect of the active twist actuation on the initial peak swirl velocity Vθ (ψv = 3.56◦) has
been shown in Fig. 4.15 in the previous subsection. While the initial vortex strength describes
the impact of the actuation on the young vortices, the effects on older vortex ages should also be
investigated, as the twist actuation also affects the temporal development of the swirl velocity.
Figure 4.16 depicts this temporal development of the peak swirl velocity Vθ (ψv) and the core
radius rc (ψv) for the BL case and the 3/rev actuation frequency with different control phase
angles. The individually averaged data points are plotted over a range of wake ages between the
marked passage of the blade tip TE at ψv = 2.6◦ and a maximum age of 50◦. Spline curves are
fitted to the data points as a guide to the eye. The peak swirl velocity is plotted as a percentage
of the blade tip speed Vtip = ΩR in Fig. 4.16a, and the core radius is visualized as a percentage
of the blade chord length c in Fig. 4.16b. The individual data points and fitted curves are color-
coded corresponding to the plot styles in Figs. 4.13 and 4.15, and labeled in Fig. 4.16b.

The black BL curves in Fig. 4.16 feature a characteristic decrease of Vθ with time, and an initial
decrease in core radius due to the vortex roll-up, followed by a slow increase due to the radial
diffusion of the vortex. The relative values of the initial swirl velocities for the actuated test
cases correspond to the data depicted in Fig. 4.15c. The majority of the actuated test cases
in Fig. 4.16a resemble the BL curve with a phase angle-dependent velocity offset and small
variations of the rate of decay. The swirl velocity curves corresponding to the phase angles
ϕ3 = 180◦ and 225◦ have an increased slope compared to the BL case. The shape of the orange
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curve representing a phase angle of ϕ3 = 90◦ does not show the characteristic decrease in
swirl velocity of the other curves for vortex ages up to ψv = 15◦, and instead features a slight
initial growth in vortex strength. Similar but less pronounced effects are also found for the
youngest detected vortex age of other swirl velocity curves. These deviations from the expected
monotonous decrease in vortex strength might be explained by the unfinished vortex roll-up,
which is also visible in the elevated initial core radii of some curves in Fig. 4.16b. The initially
shrinking core radius with a consequent core expansion has already been discussed for the BL
case in Subsection 4.1.4. Effects of the vortex roll-up are also observed for the 3/rev actuated
test cases with phase angles of ϕ3 = 45◦ − 135◦ and for small wake ages up to ψv = 15◦. After
the initial vortex roll-up, a majority of the actuated curves in Fig. 4.16b exhibit a steady growth
of the core radius rc with time. At an advanced vortex age of ψv = 37.31◦, the BL fit function
takes on a value of 3.8 %c, compared to a minimum actuated core radius of 2.7 %c for ϕ3 = 45◦,
and a maximum actuated core radius of 6.1 %c for ϕ3 = 180◦.

The swirl velocities at an advanced vortex age of ψv = 37.31◦ are compared to the BL case
in Fig. 4.16a to better understand the impact of the active twist actuation on the trailing vortex
strength after the completion of the initial vortex roll-up. The general variation of the vortex
strength at this increased wake age is similar to the initial changes in Fig. 4.15c, but with an
offset to smaller velocities. A peak reduction in vortex strength of about −60 % compared to
the BL value at ψv = 37.31◦ is found for a phase angle of ϕ3 = 270◦. The swirl velocities of the
ϕ3 = 0◦ and 45◦ phase angles also show an increased reduction of about −31 % relative to the
BL case. Only the vortex trajectory for the phase angle ϕ3 = 90◦ is still located noticeably above
the BL curve at the advanced vortex age of ψv = 37.31◦ with an 11 % increased swirl velocity.
The changes in swirl velocity at the advanced wake age thus illustrate that the effect of the 3/rev
active twist actuation on the trailing vortex strength is even more pronounced when investigating
the fully rolled-up tip vortex. The shift towards smaller velocities for older wake ages, however,
is not found for the 2/rev actuation frequency (not shown here). Despite minor changes, the
variation of the peak swirl velocity by the 2/rev actuation at a vortex age of ψv = 37.31◦ still
closely resembles the velocity distribution plotted in Fig. 4.15b. This finding underlines the
potential of the active twist actuation with a 3/rev actuation frequency for affecting the vortex
strength in the far-field of the blade wake.

4.3.5 Active twist actuation: 3D vorticity fields for 2/rev and 3/rev

Reconstructions of the 3D vorticity fields behind the rotor blade were carried out based on in-
dividual, time-resolved image sequences. The reconstructions for two example measurement
cases are shown in Fig. 4.17, similar to the BL result presented in Fig. 4.2. The upper subplot
in Fig. 4.17a corresponds to the 3/rev actuation frequency with a phase angle of ϕ3 = 45◦. This
measurement case was shown in the previous subsections to feature the largest vertical vortex
displacement and one of the smallest vortex strengths of the tested measurement conditions.
The lower subplot in Fig. 4.17b shows data corresponding to the 2/rev actuation frequency with
a phase angle of ϕ2 = 280◦. This test case features a vortex trajectory that is located close to and
above the BL condition and has the highest recorded vortex strength of the hover test. Both sub-
plots have the same scale and depict data between a vortex age of ψv = 3.56◦ and the maximum
visible vortex age of ψv = 45.74◦ for the upper graph and ψv = 37.31◦ for the lower graph, cor-
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Figure 4.17: Temporal development of actuated tip vortices and vorticity sheet behind the blade
for a) max. vortex displacement and small vortex strength (3/rev, ϕ3 = 45◦), and
b) no vertical displacement and max. vortex strength (2/rev, ϕ2 = 280◦)
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responding to 16 and 13 instantaneous velocity fields, respectively. Note that minor differences
in the plotted range of the in-plane axes are caused by the normalization with different blade tip
positions. The depicted range of vortex ages corresponds to a total measurement time of 7.3 ms,
relative to the passing of the quarter chord through the measurement plane at t0. Both subplots
of Fig. 4.17 show every third image plane in a parallel layout that neglects the angular offset
between the image planes for reasons of clarity. These example planes depict down-sampled
in-plane velocity fields with every eighth vector shown, as well as the weakly smoothed out-of-
plane vorticity component ωz, which is normalized with the rotor rotational frequency Ω and
colored according to the legend in the top right corner of the graph. The volumetric vorticity
distribution is visualized by isosurfaces at six discrete levels between ωz/Ω = 25 and 150.

The volumetric isosurfaces in both subplots of Fig. 4.17 visualize the blade tip vortex as a semi-
transparent green tube that stretches over the entire measurement domain. The large vertical
convection for the 3/rev case is apparent in Fig. 4.17a, especially when compared to the negli-
gible vertical convection of the 2/rev vortex in Fig. 4.17b. Despite the significant difference be-
tween the two vortex trajectories, the convection velocities of the two vortices are of compara-
ble magnitude. The vortex in Fig. 4.17b thus reaches the border of the PIV field of view before
the diagonally convecting upper vortex. The second noticeable deviation between the two sub-
plots is the difference in vortex strength and the magnitude of the corresponding swirl velocity
field around the vortex. The in-plane velocity vectors in Fig. 4.17a are visibly shorter than the
ones in Fig. 4.17b, despite having the same scale. According to Fig. 4.15, the average values
for the peak swirl velocity of the two test cases differ from each other by a factor of 2, whereas
the changes in the surrounding flow field appear to be even higher. The differences between the
velocity fields of the two measurement conditions peak close to the blade tip, where a signifi-
cant variation of the local lift distribution, and consequently the vortex- and lift-induced veloc-
ity field occurs.

The phase-averaged core radii for the two measurement conditions also differ from each other
by a factor of about 2, which is accurately reproduced by the isosurfaces in the instantaneous
data sets in Fig. 4.17. As already mentioned in Subsection 4.1.1, the growth of the core diame-
ter with time is not captured by the constant vorticity levels of the isosurfaces. Instead, the vor-
tex expansion and the diffusion-related decrease in vorticity magnitude lead to the appearance
of a constant core diameter over time. The vorticity isosurfaces also visualize the sheet of vor-
ticity that is created in the shear layer behind the rotor blade. The vorticity sheet subsequently
rolls up around the tip vortex, as described in Subsection 4.1.1. The vortex-induced rotation of
the vorticity sheet around the vortex core is comparable for the two different test cases, despite
the different swirl velocity magnitudes. The vorticity sheet in the lower subfigure of Fig. 4.17
features an increased initial vorticity level compared to the upper graph. The vorticity sheet
in Fig. 4.17b, however, appears to have a relatively higher diffusion rate, as it dissolves more
quickly than the vortex sheet in Fig. 4.17a. The 3D vorticity plots in Fig. 4.17 enable a quali-
tative description of the actuator-induced changes in the flow field behind the rotor blade. The
information obtained from the time-resolved data sets completes the quantitative analysis of the
PIV data that has been presented in the previous subsections.
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4.4 Summary of the STAR hover test

Aerodynamic results of a comprehensive hover test of the STAR active twist blades have been
presented within this chapter. The goal of the measurements was to study the effects of the ac-
tive twist actuation on the rotor and the trailing blade tip vortices. To investigate the impact of
the actuation, first an unactuated baseline test case was closely examined. This baseline exam-
ination contained an analysis of the characteristic vortex convection and roll-up of the vortic-
ity sheet around the vortex core. The key properties of the velocity field behind the rotor blade
were qualitatively described based on a series of instantaneous velocity and vorticity fields, as
well as a combined 3D vorticity field. The aperiodicity in the detected vortex trajectories was
analyzed and an average baseline trajectory was computed. The velocity field around the de-
tected vortex positions was closely examined by studying the temporal development of the ax-
ial and swirl velocity, as well as the core and void radii.

A thrust variation study was performed as part of the hover test. The effect of the blade loading
variation on the vortex trajectories was examined and revealed a moderate impact on the verti-
cal position of the trajectories and a significant alteration of the vortex convection velocity. The
initial peak swirl velocities exhibited a good correlation with the results of the highly compa-
rable HOTIS test and also compared reasonably well with other literature results. The detected
core radii showed a steady trend over blade loading and some variation from the HOTIS results.

Test cases corresponding to higher harmonic actuation with frequencies of 1/rev to 5/rev and
varying actuation phase angles were evaluated in the main part of the present study to gain a
comprehensive overview of the active twist effects on the blade tip vortices. The previously
evaluated, actuator-induced blade deformations were interpreted with respect to their impact on
the blade aerodynamics. The effective angle of attack at the blade tip was derived to obtain a
simple prediction of the shed vortex strength. The analysis of the detected vortex trajectories
revealed that the 1/rev active twist actuation mainly affected the vertical blade deformation and
led to a vertical displacement of the blade tips and the corresponding vortex trajectories of up to
1.3 %R above and −1.01 %R below the BL condition. Apart from these constant vertical offsets,
the 1/rev actuation only caused small variations of the vortex trajectories with peak changes of
up to ±0.5 %R around the BL curve at a maximum detected vortex age of about 35◦ behind the
blade. An increase of the miss distance between a trailing vortex and a rotor blade during BVI is
therefore difficult to realize with a 1/rev active twist frequency. The active twist actuation with
frequencies of 2/rev and 3/rev significantly affected the shapes of the vortex trajectories and
had a moderate effect on the vertical blade displacement. The actuation caused negative vertical
displacements of the tip vortices relative to the BL case of up to 1.4 %R for the 2/rev frequency
and up to 2 %R for 3/rev. Based on the peak displacement for the 3/rev actuation, a potential
miss distance of 5 %R is estimated between the actuated vortex and the following rotor blade.
No significant effects on the vortex trajectories were obtained for the 4/rev and 5/rev actuation
frequency, with typical vertical deviations below ±0.35 %R and a maximum displacement of
0.6 %R above the BL case for the 4/rev frequency.

The impact of the active twist actuation on the vortex strength was evaluated based on the initial
peak swirl velocities, and compared with vortex strength predictions based on the effective
angle of attack at the blade tip. The peak swirl velocities for the 1/rev actuation frequency
and various actuation phase angles exhibited moderate scattering relative to the baseline swirl
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velocity with peak deviations between −18 % and +12 % of the BL value. A larger effect of
the actuation on the vortex strength was found for the 2/rev actuation frequency. The harmonic
variation of the initial peak swirl velocity over the actuation phase angle correlated well with
the prediction model and featured average variations in swirl velocity from the BL case between
−33 % and +31 % of the BL value. The general consistency of these relations was confirmed
for older vortex ages such as ψv = 37.31◦ for the 2/rev actuation frequency. The active twist
actuation with a frequency of 3/rev exhibited a similarly high control authority over the vortex
strength as the 2/rev actuation, as well as a good correlation between the prediction model and
the measurement data. The average swirl velocities varied between −34 % and +18 % around
the baseline value. The −34 % reduction compared to the unactuated test case was obtained for
a phase angle of ϕ3 = 270◦ and constitutes the overall peak reduction in vortex strength for the
current tests. The trends for the initial swirl velocity and the 3/rev actuation frequency were
found to underestimate the actuation effects on older vortices. An increased reduction in swirl
velocity with peak values up to −60 % below the BL case was measured at an advanced vortex
age of ψv = 37.31◦. The inconsistent trends for the swirl velocity over wake age originated from
the unfinished vortex roll-up at the initial vortex age and different levels of vortex diffusion. This
finding also underlines the necessity to investigate the actuation effects on the vortex strength
at older vortex ages close to a possible blade-vortex encounter. Finally, smaller amounts of
swirl velocity variation were observed for the 4/rev and 5/rev actuation frequency with peak
variations between −22 % and +8 % around the BL velocity and adequate correlations between
the swirl velocities and the prediction model.

The range of effects of the active twist actuation on the trailing blade tip vortices was illustrated
by two combined 3D vorticity fields behind the blade tip. The two measurement cases corre-
sponded to a maximum vortex displacement relative to the baseline case in combination with a
large reduction in vortex strength, and a minimum vortex displacement in combination with the
maximum detected vortex strength. The two measurement cases were qualitatively analyzed
and illustrated the entire spectrum of actuation effects on the tip vortices.

The present PIV and BOS investigations allowed for a detailed study of the effects of the active
twist actuation on the blade tip vortices. The results revealed a high control authority of the ac-
tuators – especially for the 2/rev and 3/rev actuation frequencies – on the shape and vertical
offset of the vortex trajectories, and the vortex strength. The outcome of the STAR hover tests,
therefore, serves as a proof of functionality of the active twist concept. Judging by the magni-
tude of the evoked changes, the active twist actuation is expected to constitute an effective mea-
sure for the reduction of noise and vibrations generated by blade-vortex interactions.





5 Localization of blade tip vortices on a
full-scale helicopter

In the past years, considerable effort has been put into understanding the effects of blade-vortex
interactions (BVI), such as the generation of sound and vibrations (Splettstoesser et al. 1997,

van der Wall et al. 2004, Kutz et al. 2013). As already discussed in Chapter 3, the magnitude of
the BVI effects primarily depends on the strength of the vortex and its distance and orientation
to the interacting rotor blade (see Hardin & Lamkin 1986 for details). A number of sub-scale
experimental (Splettstoesser et al. 1997, van der Wall et al. 2004) and numerical studies (Lim &
Strawn 2008, van der Wall 2012, Kutz et al. 2013) have been conducted to examine the vortex
strength and trajectories of helicopter models. In general, these studies return qualitatively
converging results for the positions and orientations of the blade tip vortices. In detail, however,
the results still exhibit significant scattering and a strong dependency on respective boundary
and experimental conditions.

An important aspect of these small-scale experiments is that phenomena such as the BVI effect
are very challenging to study on sub-scale models. For the BVI case, this is due to the multitude
of underlying and interacting physical effects such as blade aerodynamics including the lift time
history, blade aero-elasticity, fuselage-interference, atmospheric conditions, and overall aircraft
performance and trimming (Hardin & Lamkin 1986), which cannot easily be reproduced at lab-
scale model dimensions. As a consequence, some recent studies have focused on the blade tip
vortices of full-scale helicopter rotors, where scaling effects are not an issue (Wadcock et al.
2011, Heineck et al. 2013, Bauknecht et al. 2014a, Raffel et al. 2014). So far, however, there is
still a lack of quantitative experimental data; available studies only focus on the reconstruction
of blade tip vortices on a small part of a full-scale helicopter (Klinge et al. 2006, Heineck et al.
2013) or the visualization of blade tip vortices on a full-scale helicopter during maneuvering
flight (Bauknecht et al. 2014c, Bauknecht et al. 2014a, Raffel et al. 2014).

Within this chapter, results from a range of full-scale flight tests are presented. After a short
introduction of the measurement techniques applied for the flight tests in Section 5.1, a series
of preliminary flight tests are described in Section 5.2. The preliminary tests aimed at exploring
the potential of the background-oriented schlieren (BOS) method and advancing the technique
for the full-scale and outdoor visualization of helicopter rotor vortex systems under realistic
flight conditions. In a main flight test (discussed in Subsections 5.3.1 – 5.5.3), a multi-camera
BOS system consisting of 10 individual cameras and a natural background was used to visualize
and – for the first time – to reconstruct the main part of the rotor blade tip vortex system of a
full-scale helicopter in three-dimensional (3D) space.
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5.1 Measurement techniques

The measurement techniques applied in the full-scale flight tests are explained here and put in
context with related measurement or visualization techniques. A summary of full-scale vortex
visualization techniques is given in Subsection 5.1.1. The basic principle of the BOS method is
explained in Subsection 3.1.5, including an analysis of natural backgrounds. The reference-free
BOS method – a variant of the classical BOS technique – is described in Subsection 5.1.3.

5.1.1 Large-scale vortex visualization techniques

Flow visualization is an important tool in advancing our understanding of normally invisible
flow phenomena such as vortices. In the past, various visualization techniques have been de-
veloped and applied to study the vortices shed by helicopter rotor blade tips. A natural visual-
ization of rotor blade tip vortices – as shown in Fig. 5.1 – is caused by natural condensation of
water caused by the low pressure within the vortex core (Fradenburgh 1990, Felker et al. 1986).
Other methods rely on the introduction of artificial seeding particles such as smoke into the ro-
tor flow field (Landgrebe 1972, Ghee & Elliott 1995) or exclusively into the vortex core (Gray
1956, Spencer 1970). The whole-field smoke visualization is based on the generation of a par-
ticle void in proximity of the vortex center due to the centrifugal forces acting on the seeding
particles (see Subsection 3.1.2). For the core seeding, small tracer particles are directly injected
into the vortex center region, where they remain for a sufficiently long time due to the moderate
diffusion in the laminar vortex core. The smoke method can be improved by laser light sheet
illumination, which allows the flow visualization in a sectional plane of the flow field (Leighty
et al. 1991, Ghee & Elliott 1992). For a vortex localization based on the flow velocities, the
particle field can furthermore be probed with laser Doppler velocimetry (LDV, see e.g. Sulli-
van 1973) or particle image velocimetry (PIV, see e.g. Raffel et al. 1998a). PIV, for example,
has already been applied for full-scale flight tests on fixed- and rotary-wing aircraft (Raffel et

Figure 5.1: Natural condensation on a Cougar helicopter, after Leishman (2006)
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12 

Figure 5.2: Full-scale schlieren image of T-38 aircraft, after Weinstein (1994)

al. 2001, Politz et al. 2010, Kindler et al. 2011). The drawback of these techniques is that they
heavily rely on seeding particles or on very specific atmospheric conditions and that vortex vi-
sualization is limited to young vortex ages or a small part of the flow field. Their application
for comprehensive and large-scale flight tests is therefore limited.

Besides the visualization based on tracer particles, vortices can also be detected based on the
reduced density within the vortex core, as shown in Subsection 3.3.10. The basic measurement
techniques, such as the classical schlieren methods (Toepler 1864, Tangler 1977), shadowgraph
technique (Light et al. 1999, Bagai & Leishman 1993), and BOS (Dalziel et al. 2000, Raffel
et al. 2000b), have already been explained in Subsection 3.1.5. Application of the classical
schlieren techniques to outdoor environments and large scale measurements is usually limited
by the size of the necessary high-quality optics. However, there are certain exceptions, as for
example shown in Fig. 5.2 by Weinstein (1994), who visualized shock waves around a T-38 jet
plane flying at an altitude of 13700 ft at a Mach number of 1.1 using natural illumination by the
sun and a telescope with a slit mask. Regarding the large-scale application of the shadowgraph
technique, the publication by Norman & Light (1987) is to be mentioned. Norman & Light
herein describe the visualization of blade tip vortices from a 0.16-scale Sikorsky S-76 rotor
using a shadowgraph setup with large retro-reflective background screens. A review of schlieren
applications in outdoor environments is given by Settles (1999), including the visualization of
heat plumes, jet exhaust gases, thermal boundary layers as well as aerodynamic and explosion-
driven shock waves in front of natural backgrounds.

5.1.2 Natural background BOS

Recently, considerable effort has been put into refining the BOS method for out-of-laboratory
use (see e.g. background studies by Hargather & Settles 2010 or the Colored-BOS technique by
Leopold 2007). As scalability is one of the main advantages of the BOS method, it is especially
well-suited for full-scale flight testing. The application of large artificial background patterns
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for this sort of full-scale experiments has been demonstrated by Bauknecht et al. (2014a) and
Raffel et al. (2014). The large background screens required for this approach are, however,
impracticable and expensive, especially for multi-camera setups. As an alternative, natural
backgrounds can be utilized for BOS, as shown by Hargather & Settles (2010) and Kindler et
al. (2007). The necessity of using readily available background structures has been understood
by researchers from the very start of outdoor BOS testing, as can be seen by the publication of
Raffel et al. (2000b). In this early BOS paper, Raffel et al. visualized blade tip vortices of a full-
scale helicopter in hover flight by recording a pattern of white paint spots on concrete ground
using a camera inside a high building.

Natural background structures such as scree or short grass also provide appropriate conditions
for BOS measurements, combined with minimal preparation and low cost. Suitable natural
backgrounds for BOS must fulfill several requirements including adequate contrast and structure
size. The background also should not change between the acquisition of the reference and
measurement images. As a consequence, changes in illumination – e.g. by a relocation of
clouds and shadows – have to be avoided and vegetated areas should not be used in case of
wind gusts. Furthermore, the background must be large enough to cover the entire region of
interest. Thus, large-scale stepped or sloped terrains have been used as natural backgrounds for
BOS measurements in the past (see e.g. Bauknecht et al. 2014d).

A comparison of typical natural background structures encountered by Bauknecht et al. (2014b)
during outdoor BOS measurements is shown in Fig. 5.3. In the corresponding paper, Bauknecht
et al. introduced a quality indicator for assessing the suitability of natural structures for appli-
cation as BOS backgrounds. The quality indicator was adapted from a measure introduced by
Kindler et al. (2007), which is based on the autocorrelation of an image of a natural structure.
To prevent a bias of the results by autocorrelation of the image noise, the new method is based
on the displacement field of two measurement images of the same natural structure. As resid-
ual misalignments of the two images should not distort the result, the quality indicator is based
on the rotation (ωrot = ∂v/∂x − ∂u/∂y) of the in-plane displacements u, v, which is constant for
rigid body motions. Therefore, the inverse of the variance of the rotation is a robust index of the
noise contained in the BOS measurements of different background structures and interrogation
window sizes.

Figure 5.3: Selection of natural backgrounds with increasing structure sizes from left to right,
after Bauknecht et al. (2014b)
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Figure 5.4: Quality indicator plotted for the five different natural backgrounds of Fig. 5.3 as a
function of the interrogation window size, after Bauknecht et al. (2014b)

An assessment of the suitability of the natural backgrounds depicted in Fig. 5.3 based on the
new quality indicator is given in Fig. 5.4. The diagram shows plots of the quality indicator for
the five different natural backgrounds over a realistic range of interrogation window sizes used
for outdoor BOS measurements. For the optical setup in Bauknecht et al. (2014b), best results
are expected for the fine scree background (Fig. 5.3b), whereas solid rock formations (Fig. 5.3e)
and very fine grass structures (Fig. 5.3a) are less suitable. While this trend is consistent for sim-
ilar optical layouts, it is not universal and cannot be applied to other setups of different magni-
fication. With a higher magnification, the grass structures (Fig. 5.3a) can for instance become
a very suitable background. The same holds true for large rock formations imaged with a de-
creased magnification. Overall, Fig. 5.3 shows that large interrogation window sizes generally
improve the quality of the measurements, however, at the cost of a reduced measurement res-
olution and increased spatial averaging. Therefore, smaller interrogation window sizes at the
edge of detectability may be necessary to maintain a high spatial measurement resolution.

5.1.3 Reference-free BOS

The classical BOS method is well suited for applications in relatively steady environments such
as wind tunnels and laboratories. For unsteady and outdoor measurements, however, acquisition
of an undisturbed reference image with the same lighting and background topology is not always
possible. For this reason, Raffel et al. proposed a reference-free BOS setup suitable for highly
unsteady measurement environments such as large-scale flight tests and inflight measurements
(Raffel & Meier 2000, Raffel et al. 2000a, Kindler et al. 2007, Raffel et al. 2013). The reference-
free BOS method is applicable when the observed density variation has a limited extent and
does not cover the whole field of view, therefore leaving some parts of the image almost free
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Figure 5.5: Principle of the reference-free BOS setup, after Bauknecht et al. (2014b)

of distortions. These mostly undisturbed parts are used as a reference for another measurement
image, which has the density variations in front of a different part of the common background.
This spatial separation of the imaged phase objects can be achieved with two different setups:
the stereoscopic configuration and the paraxial configuration.

The stereoscopic configuration uses two cameras that simultaneously record images of the same
background from different perspectives. By properly setting up the cameras, the density struc-
ture is located in front of different parts of the common background. After mapping and cross-
correlation of the two images, a combined result image is created that features the overlaid two
perspective views of the density variation. As the background is imaged from different angles,
its planarity must be ensured. This setup is suitable for highly unsteady backgrounds and does
not require an unsteady density field. The separation of the two cameras, however, renders this
setup less feasible for the investigation of moving objects such as a helicopter in forward flight.

The paraxial configuration can be realized if the phase object moves relative to the background
with time. This is e.g. the case for the vortices of a helicopter which convect with the rotor
downwash. The principle of the camera layout is shown in Fig. 5.5. Two cameras are paraxially
mounted and record the same background at two consecutive points in time t1 and t2. The dis-
tance between the cameras has to be small in comparison to the background distance ZB for the
alignment error to be negligible. The time delay ∆t = t2 − t1 is selected as a compromise be-
tween two opposing requirements: the delay has to be short enough to ensure that the same part
of the background is recorded – especially if the cameras are moved in between the recordings
– but long enough for the density object to be recorded in front of different parts of the back-
ground in the two measurement images. For a properly adjusted time delay, the recorded back-
ground behind the density object in the first frame is almost free of distortions in the second
frame and vice versa. The almost undistorted parts of the images serve as reference images for
the cross-correlation evaluation of the two measurement images. The resulting displacement
field features the density variation at both image acquisition times, but with a different sign.
The two paraxial cameras are a workaround for a presently unavailable monoscopic configura-
tion that combines a high spatial resolution and short interframing times in a single camera.
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Just as the standard BOS method, the reference-free BOS technique only returns a
two-dimensional (2D) projection of the 3D refractive-index field onto the image plane. For the
reconstruction of the vortex system in physical space, two or more calibrated camera locations
are necessary, as will be discussed in Subsection 5.4.5. An integrative reconstruction of the
density field from the image displacements is not possible for the reference-free BOS method
because the parts of the images that act as a reference for the other frame are not completely
undistorted. The paraxial setup, however, allows for a simple implementation for out-of-the-lab
experiments and even enables an airborne operation of the measurement system, as described
by Raffel et al. (2013) and demonstrated in Subsection 5.4.1.

5.2 Preliminary flight tests

Between 2011 and 2013, a series of flight tests was carried out to explore and demonstrate
the potential of the reference-free BOS method for flow investigations on full-scale helicopters
and to optimize the standard BOS method for the quantitative vortex localization described in
Sections 5.3 – 5.5. A brief overview of the most important preliminary flight tests, their objec-
tives, and some characteristic results is given here.

5.2.1 Reference-free BOS hover test in ground effect

A ground-based vortex visualization experiment with a reference-free BOS setup was conducted
on the apron in front of a hangar at DLR Braunschweig, see Bauknecht et al. (2014a). The test
helicopter – an MBB BO 105 described in detail in Subsection 5.3.2 – was operated in hover,
landing, and take-off flight conditions close to the ground in front of the hangar, as depicted in
Fig. 5.6a. The hangar wall was covered with a 12 m × 6.3 m background screen consisting of
retro-reflective foil with a printed random dot pattern, as shown in Fig. 5.6b in a close-up view.
On the opposite side of the apron, a dual-camera system was installed on top of a car on a rigid
support, see Fig. 5.6a and c. The reference-free BOS setup consisted of two Nikon D3X digital
single-lens reflex (DSLR) cameras that each had a resolution of 24.5 Mpx. The cameras were
equipped with lenses with a focal length of 135 mm and imaged the entire background screen
from a distance of 46 m and at a height of 2.25 m above the ground. The background pattern was
illuminated by camera flash units and recorded with an exposure time of 1 ms with an aperture
of f /16 and an ISO value of 100. The inter-framing time was set to 32 ms between the cameras,
corresponding to a rotor rotation of 80◦.

Detailed results of the hovering test have already been published by Bauknecht et al. (2014a).
A typical result of the investigation is shown in Fig. 5.7. The photograph depicts the forward
part of the fuselage and the rotor of the BO 105 in hovering flight and is overlaid with the result
from the cross-correlation analysis of the two measurement images. The two 2D projections
of the vortex system corresponding to the two image acquisition times are visible in the image
background as black and white lines and can be distinguished by the sign of the displacement,
as mentioned in Subsection 5.1.3. The main features of the flow field are marked in the image
by the numbers (1) – (5). The engine exhaust gases are visible as an area with an increased noise
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Figure 5.6: Photographs of the reference-free BOS hover test with a) test overview, b) artificial
background pattern, and c) dual-camera setup, after Bauknecht et al. (2014a)

Figure 5.7: Photograph of the BO 105 in hover with overlaid BOS result depicting vortices up
to ψv = 450◦ and vortex instability effects, after Bauknecht et al. (2014a).

level (1). Two depictions of a vortex shed by a single rotor blade are indicated by (2) at a vortex
age of about ψv = 100◦ and by (3) at a vortex age of ψv = 180◦. A slight contraction of the
wake occurs up to a vortex age of ψv = 270◦, indicated by (4), which is followed by a moderate
expansion due to the influence of the ground effect. Starting from a vortex age of ψv = 180◦,
the onset of vortex instability effects is observed, with a maximum articulation around a vortex
age of ψv = 450◦, denoted by (5). Shortly after this point, the advanced diffusion of the vortices
renders them undetectable by the BOS method.
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5.2.2 Reference-free BOS maneuvering flight test

In 2013, a flight test with an AS532UL Cougar helicopter was conducted in cooperation with
the Swiss Air Force, as described in detail by Bauknecht et al. (2014b). The goal of the test
was the visualization of the helicopter’s blade tip vortices during unsteady and high-speed ma-
neuvering flight out of the ground effect. The test took place in the Swiss Alps near Schilthorn
Mountain. Naturally illuminated structures such as scree-covered slopes were used for a back-
ground, as depicted in Fig. 5.3 and marked in Fig. 5.8a with a red dashed line. Measurement im-
ages were acquired with the reference-free dual-camera system shown in Fig. 5.8b. The system
consisted of two Nikon D3X cameras with lenses with a focal length of 500 mm, and was po-
sitioned at distances of 500 − 700 m from the background. The camera support allowed for the
pivoting of the camera setup to follow the maneuvering helicopter. The time delay between the
two cameras was set to 16 ms, which corresponded to an angular increment of the rotor of about
26◦ and allowed for the spatial separation of the projected vortex systems in the evaluated mea-
surement images. The investigated flight maneuvers included high-speed turns, forward flight,
accelerating slow forward flight, and flare.

Figure 5.9 shows two raw photographs (Fig. 5.9a,b) and the corresponding displacement field
of the cross-correlation evaluation (Fig. 5.9c) of the Cougar helicopter in accelerating forward
flight with an instantaneous velocity of 35 knots (18 m/s) at a distance of 240 m from the cam-
eras. The pictures of the helicopter fuselage and rotor blades are overlaid on the displacement
field and indicate the movement of the helicopter in between the two image acquisition times.
The two noisy plumes (1) underneath the helicopter are caused by the hot exhaust gases from
the engines, which prevent the detection of vortices. One of the rotor blades is marked with (2)
in both raw photographs. The corresponding tip vortices are labeled with (3) in the displace-
ment image. The maximum visible vortex age of ψv = 360◦ is found at the forward blade posi-
tion labeled with (4). Around this position, the onset of vortex disturbance effects is observed,
before the signal amplitude drops to the background noise level.

Figure 5.8: Photographs of a) the flight test region (with marked backgrounds) and the Cougar
helicopter, and b) the reference-free BOS setup, after Bauknecht et al. (2014b)
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Figure 5.9: Result from the reference-free BOS maneuvering flight test, after Bauknecht et al.
(2014b). Depictions of a,b) the time-displaced raw images, and c) the correspond-
ing displacement gradient field around the Cougar helicopter.

5.2.3 Airborne reference-free BOS inflight test

The versatility of the reference-free BOS method and the possibility to circumvent the oper-
ational restrictions imposed on the helicopter by a ground-based measurement system were
demonstrated by another flight test in 2013, see Bauknecht et al. (2014a) for details. For this
test, the dual-camera system described in the previous subsection was operated aboard a micro-
light airplane flying above a BO 105 helicopter, as schematically illustrated in Fig. 5.10. The
two cameras were sequentially triggered with short interframing times of 5 − 16 ms, corre-
sponding to an angular increment of the rotor of about 13◦ − 41◦. The helicopter was operated
200 − 300 m above natural backgrounds such as fields and meadows with the airplane flying
100 − 200 m above and to the side of it. The helicopter performed forward flight, curve flight,
and accelerating forward flight maneuvers at speeds of 65 − 100 knots.

Figure 5.11 shows the result of a processed pair of measurement photographs of the BO 105 in
accelerating forward flight. The structure of the natural background is overlaid in the bottom
left corner of the image. The photographs were acquired with a time delay of 8 ms and an
exposure time of 1/1600 s. The movement of the aircraft and cameras during the interframing
time resulted in a shift of 90 pixels between the two images, which was corrected before the
final processing. The helicopter, rotor blades, and vortices are depicted twice in the result image
due to the combined evaluation of two raw images. The two vortex systems are distinguished
by their color in the plot: white lines correspond to the earlier image (1) and black lines to the
later image (2). Aside from the vortices, the most distinct feature in the image is the strongly de-
correlated area due to the engine exhaust, denoted by (3). The combination of the flight velocity
and the rotor downwash causes the formation of a helically skewed vortex system. Despite the
inconsistent vortex visibility within the image, vortices up to a vortex age of ψv = 270◦ are
detected around the location marked with (4). At the right lateral edge of the rotor disk, the
rotor wake starts to roll-up, which causes the vortices to roll-up and merge into a single and
accentuated vortex, labeled with (5). A disturbance of the vortex filaments is observed on the
retreating blade side, denoted by (6). The cause for this flow feature is not apparent, as the
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Figure 5.10: Schematic inflight BOS setup with observer airplane and helicopter flying at a
reduced altitude above the natural background, after Bauknecht et al. (2014a)

Figure 5.11: Photograph of the BO 105 in accelerating forward flight with vortex system ac-
quired during reference-free inflight BOS test, after Bauknecht et al. (2014a)

rotor blades were not instrumented. The location however suggests that it originates from an
interaction of the adjacent rotor blade with the vortex shed by the blade 90◦ ahead.
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5.2.4 Concluding remarks about the preliminary flight tests

The application of the reference-free BOS method during the preliminary flight tests enabled
the visualization and study of helicopter blade tip vortices under realistic flight conditions with
unprecedented quality. The 2D projections of the vortex system acquired by the paraxial camera
setups, however, only allowed for the qualitative study of the aerodynamic effects in the rotor
wake. Consequently, the advancement of the BOS measurement technique for quantitative
vortex localization was targeted in a multi-camera 3D BOS experiment that is described in the
following section. The results and experience gained in the preliminary flight tests with regard
to natural background structures, natural illumination, vortex obstructions by the fuselage and
the engine exhaust gases, sensitivity of the setup, and operation of the test helicopter contributed
to the design and execution of this main flight test campaign.

5.3 3D BOS flight test

This section contains a detailed description of the main 3D BOS flight test, including specifica-
tions of the measurement setup in Subsection 5.3.1, test helicopter in Subsection 5.3.2 and flight
conditions in Subsection 5.3.3.

5.3.1 Measurement setup

A large-scale multi-camera BOS experiment was conducted in 2013 to quantitatively determine
the locations of the blade tip vortices in the wake of a full-scale helicopter. An open-pit chalk
mine of the company Fels-Werke GmbH in the Harz Mountains in Germany was chosen as a test
site, see Fig. 5.12. For a natural background, the location featured a large slope with a curved
layout that had a height of 45 m, width of about 200 m, and inclination of 45◦. The top half of
the slope was mainly covered with scree and small rocks and the bottom part featured rocks of
varying size, as visible in Fig. 5.12b and in detail in the background of Fig. 5.13a. The slope was
enclosed on both sides by steep cliffs that were covered with unsuitable background structures
for BOS, such as trees and low-contrast solid rock. The bottom level of the pit was covered by
a shallow lake, which did not affect the BOS measurements, e.g. through thermal distortions.

A BO 105 helicopter – described in detail in Subsection 5.3.2 – was flown into the quarry to
serve as a measurement object. The full-scale helicopter is depicted within the measurement
volume in the lower right corner of Fig. 5.12. A system of ten DSLR cameras was used to
acquire background-focused schlieren images of the helicopter during maneuvering flight. The
overlapping field of view (FOV) of the cameras led to an approximately cylindrical shape of the
measurement volume, which had a diameter of 17 m, a height of 11 m, and was situated 7−18 m
above the solid ground next to the lake. The cameras were set up on the north-east side of the
quarry opposite the background slope on two different plateaus of the stepped sidewall with a
vertical separation of 14 m. Five of the ten cameras were set up in an approximately semicircular
layout on the lower level (indicated by C1 – C5 in Fig. 5.12). The cameras were positioned 1.8 m
above the ground level with distances to the measurement volume around (ZB − ZD) = 110 m
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Figure 5.12: Photographs of the multi-camera BOS setup viewed a) from the ground, and b)
from above with indicated camera positions, coordinate system, measurement vol-
ume (MV), and natural background, after Bauknecht et al. (2014d)

and inclination angles of +3◦ to +4◦, see Table 5.1 for details. The other five cameras (C6 – C10)
were set up 1.8 m above the upper floor level with distances to the measurement volume around
(ZB − ZD) = 135 m and inclination angles of −2◦ to −3◦. The distance to the background varied
between cameras in the range of ZB = 230 − 300 m. The camera setup covered a horizontal
angle of 83◦ and a vertical angle of 7◦ between the outermost cameras. The horizontal angles
of the individual cameras are given relative to camera 1 in Table 5.1.

A coordinate system was introduced for the camera calibration and vortex reconstruction carried
out in the following sections. It is centered at the position of camera 1, as shown in Fig. 5.12.
The Y axis corresponds to the horizontal component of the orientation vector of camera 1. The
Z axis is oriented along the positive vertical direction. The X axis is defined orthogonal to
the other axes to complete the Cartesian coordinate system. The camera positions within this
coordinate system are also given in Table 5.1. The exact positions of individual cameras were
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Table 5.1: 3D BOS camera orientations and settings

Camera 1 2 3 4 5 6 7 8 9 10

Position X (m) 0.0 54.0 80.2 97.4 117 80.2 102 117 127 130

Position Y (m) 0.0 19.1 35.3 58.5 84.6 -5.8 15.1 39.0 64.5 91.6

Position Z (m) 0.0 -0.2 1.5 -0.1 0.7 14.1 14.0 13.9 13.7 13.7

Hor. angle (◦) 0.0 31.6 47.5 63.1 78.5 35.3 47.7 58.7 71.1 82.9

Inclination (◦) 3.7 4.0 2.9 3.8 3.1 -2.7 -2.9 -2.3 -2.9 -2.8

Observer Dist. (m) 109 105 108 110 119 140 138 136 134 131

Focal length f (mm) 150 165 150 165 165 195 195 185 180 180

Rel. aperture f / 11 8 8 8 5.6 8 8 8 8 5.6

Exposure time (s) 1/1000

ISO 400

chosen to optimize the covered background, resulting in an unevenly distributed camera setup.
This can be seen e.g. for camera 1 in Fig. 5.12, which had an increased distance to the other
cameras to avoid coverage of a vegetated area in the background.

A single camera of the multi-camera system is shown in Fig. 5.13b. The camera system con-
sisted of Nikon D7100 cameras with 24 Mpx image sensors and Nikkor 55 − 300 mm zoom
lenses. The cameras were positioned on tripods at a height of 1.8 m above the ground and con-
nected to a cable-based remote triggering system to ensure simultaneous image acquisition. The
cameras had an inherent, random time delay between the trigger input and the image record-
ing. The jitter of this delay was reduced to about 0.7 ms by taking into account the mean delay
for each camera in combination with the application of the mirror lockup function. The zoom
lenses were adjusted to provide a similar resolution of about 0.34 px/mm within the measure-
ment volume, requiring focal lengths f of between 150 mm and 195 mm, as specified in Ta-
ble 5.1. All cameras were set to an ISO value of 400 and an exposure time of 1 ms. The aperture
sizes of the camera lenses were adapted to the natural illumination of the corresponding back-
ground and varied between f /5.6 and f /11, see Table 5.1. During the measurements, sunny
and windless weather conditions were present with an ambient temperature of about 15◦C and
wind velocities of less than 1 m/s.

In the evaluation process of the BOS images, it was found that the main part of the natural
background of the bottom row cameras 1 − 5 was appropriately illuminated, largely 2D, and
therefore well suited for the BOS evaluation. An increased background noise level with a
reduced vortex visibility was found for the upper level cameras 6 − 10. This is mainly caused
by the different illumination angle in the lower part of the slope in combination with larger and
more 3D rock formations. The consequently increased shadowing effects caused an increased
noise level, especially for cameras 8 − 10. As the additional information gained by cameras
8 − 10 was limited, they were neglected for the reconstructions carried out in this study.
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Figure 5.13: Photographs of a) the BO 105 in front of the natural background, and b) one of
the ten measurement cameras

5.3.2 BO 105 helicopter

The 3D BOS flight tests – as well as the majority of the preliminary flight tests – were conducted
with an MBB BO 105 helicopter from DLR Braunschweig, as shown in Fig. 5.13a. The BO 105
is a twin-engine, multi-purpose helicopter with a four-bladed (Nb = 4) hingeless rotor. The rotor
blades have square blade tips, a radius of R = 4.92 m, and a chord length of c = 0.27 m, which
leads to a rotor solidity of σ = Nbc/(πR) = 0.07. Under normal flight conditions, the blades
rotate at an angular velocity of Ω = 44.4 rad/s, which corresponds to a hover tip Mach number
of Mtip = 0.64. During the test runs, the helicopter was manned with two pilots and a radio
operator and had an initial take-off weight of about 2300 kg. In order to fly unsteady maneuvers,
the helicopter had to generate thrust in the range of T = 23 − 28 kN, corresponding to a thrust
coefficient of CT = T/(ρ∞πΩ2R4) = 0.005 − 0.006 and a blade loading of CT/σ = 0.07 − 0.09.

5.3.3 Flight conditions

For the flight tests, the BO 105 was operated within the open-pit mine at an elevation of 400 m
(1310 ft) above sea level and approximately 1−1.5 rotor diameters above the ground. The chal-
lenging topology of the quarry with steep slopes to all sides and large steps in the terrain re-
stricted the flight maneuvers to slow flight speeds. It was therefore decided to put the focus of
the experiments on hovering flight and unsteady swinging maneuvers to simulate higher loads
characteristic for unsteady free-flight conditions. The unsteady maneuvers included accelera-
tions along the vertical axis of the helicopter (ascent / descent, see Fig. 5.14a-e) and swinging
motions along the longitudinal axis of the helicopter in combination with a variation of the pitch
angle (see Fig. 5.14f-j). The data set used for the final vortex reconstruction corresponded to an
ascending hovering flight with an instantaneous rate of climb of about 1 m/s. For the position-
ing of the helicopter, lines were sprayed on the ground as a guide for the pilot and observers
were employed at different camera positions to relay position information back to the pilots via
voice radio. With these measures, the helicopter was operated primarily within the measure-
ment volume during the test runs, while performing maneuvers with translational motions of
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Figure 5.14: Photographs of the BO 105 a)-e) during ascent/descent, and f)-j) during a swing-
ing motion along the longitudinal axis

up 10 m and fuselage pitch angles of up to 30◦. Finally, the safety of the aircraft was ensured
by watering the area underneath the measurement volume prior to the tests to prevent dust from
being blown up. An emergency landing zone was kept clear as the surrounding steep slopes and
the lake on the bottom of the pit limited the escape routes in case of an engine failure.

5.3.4 Concluding remarks about the 3D BOS flight test setup

The 3D BOS flight tests were conducted on a single day at the end of September 2013. Prior to
the test day, the camera positions, measurement volume, and suitable natural backgrounds had
been laid out with the initial measurement volume located above the lake. Because of a last-
minute change in the permission for off-field landings by the communal administration – due to
the apparent nesting of bats in a wall of the active quarry – the setup had to be changed on the
day before the flight test. Consequently, the measurement region was shifted to its final location
above the solid ground with a decreased clearance and maneuverability of the helicopter. During
the planning phase of the flight test in the summer of 2013, the natural illumination intensity on
the natural background had been found to be sufficient for the BOS measurements. Due to the
changed course of the sun at the end of September and the north-east facing natural background,
however, adequate natural illumination was restricted to a short period of about 3 hours in the
morning of the test day.

5.4 BOS data analysis

The process of reconstructing the 3D locations of the helicopter blade tip vortices requires mul-
tiple processing steps, as described in this section. For each raw measurement image, the pro-
jections of the vortices are visualized (Subsection 5.4.1), semi-automatically discretized, and
paired with the corresponding projections in other measurement images (Subsection 5.4.2).
Based on an interative camera calibration (Subsection 5.4.3), the 3D vortex locations are found
by means of a stereo photogrammetry method (Subsection 5.4.5).
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5.4.1 Vortex visualization using the BOS technique

The present main flight tests were conducted with ten individual standard BOS camera setups.
As explained earlier, the BOS method requires the acquisition of undisturbed reference images
without the helicopter directly before or after each test run, see Fig. 5.15a for an example. The
reference images have to be acquired as close to the measurement images (Fig. 5.15b) as possi-
ble, in the current case < 5−10 minutes apart. This time frame was found to be sufficiently small
to minimize changes in the background such as the movement of shadows or drying of wet sur-
faces. In an initial processing step, both the reference and measurement images were converted
to grayscale based on luminance-preservation as the natural backgrounds were too monotonous
to apply a color-BOS scheme, see Leopold (2007) for details. During acquisition of the mea-
surement images, it could not be ruled out entirely that the cameras were moved by interaction
of an observer or by gravitational settlement of the camera mounts. Therefore, the measurement
images were mapped onto the reference images using the normalized direct linear transforma-
tion algorithm given by Hartley & Zisserman (2003), based on the image displacements in the
corners of the images as determined by cross-correlation. A sectional cross-correlation of the
mapped image pairs was carried out with commercial PIV software (Davis 8.1, LaVision). A
multi-grid evaluation scheme with interrogation window sizes between 96×96 pixels2 and 16×
16 pixels2 with an overlap of 75% was applied that resolved the small displacements u and v by
the vortices in the horizontal and vertical directions, respectively. In the resulting displacement
map, blade tip vortices are indicated by the vectors pointing towards regions of low density, i.e.
the vortex cores. Bauknecht et al. (2014b) found in an earlier study that the spatial gradients of
the displacement field ∂u/∂x and ∂v/∂y normal to the main vortex orientations serve as robust
vortex indicators that emphasize the vortices due to their high spatial gradients compared to the
gradual changes in the surrounding flow field. Typical vortex-induced peak-to-peak displace-
ments in the order of ∆v = 0.15− 1.5 pixels were discovered for the present 3D BOS flight test.

Figure 5.15: Cutouts of example a) reference-, and b) measurement pictures, with c) corre-
sponding vertical displacement gradient field, after Bauknecht et al. (2014d)
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An example result for the vortex visualization is given in Fig. 5.15c as the result of the sectional
cross-correlation between a reference image (Fig. 5.15a) and a measurement image (Fig. 5.15b)
featuring the BO 105 during an ascending flight maneuver. The evaluated image depicts the
unfiltered vertical gradient ∂v/∂y of the vertical displacement component v. The 2D projection
of the vortex system is visible in the form of dark and helically curved lines in front of the gray
and weakly distorted background. Strongly de-correlated regions appear at the image positions
where the helicopter is located. The noisy area below and behind the helicopter marks the
trajectories of the exhaust gases from the two engines.

5.4.2 Discretization and pairing of vortex segments

As a second step in the processing of the raw images, the positions of the 2D blade tip vortices
were detected in all camera planes. This discretization process is crucial for ongoing data pro-
cessing as it transforms the scalar displacement information shown e.g. in Fig. 5.15c into quanti-
tative, in-plane vortex positions, as given in Fig. 5.16. A semi-automatic procedure was used for
the vortex extraction, as the signal-to-noise ratio was not high and consistent enough in the en-
tire displacement field for a fully automated algorithm, and interruptions of the vortex filaments
were caused by the rotor blades, exhaust gases, helicopter fuselage, and background noise.
Starting from user-selected points on the vortex filaments, discrete points on the vortex filaments
were computed by step-wise cross-correlation between cuts orthogonal to the main vortex axis
in combination with a polynomial predictor. The algorithm advanced until the end of the se-
lected line segment was found or until a horizontal turning point was reached, as marked by
white dots in Fig. 5.16. The step size of the computation scheme was automatically adapted to
fit the curvature of the lines and small undetectable segments in the vortex signal were skipped.
The resulting set of vortex segments was manually completed in regions with large adapted step
sizes and weak signal-to-noise ratio. The discrete points on each vortex filament were used for
a spline curve fit computed by a least-squares procedure. The splines were labeled by their po-
sition relative to the helicopter fuselage and coded by the blade from which they originated, as

Figure 5.16: Photograph of BO 105 with individually detected 2D vortex segments color-coded
by blade and end points marked by white dots
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indicated by the different colors in Fig. 5.16. The labeling was necessary to ensure that – for a
given point on a 3D vortex filament – the corresponding 2D points on the correct projected vor-
tex segments in all camera image planes were selected during the point-pairing process.

5.4.3 Iterative camera calibration

The quality of the calibration of the camera system is crucial for experiments that deal with to-
mography, holography, or 3D reconstructions. In a laboratory experiment, the extrinsic cam-
era parameters (see Hartley & Zisserman, 2003 for details) are typically estimated using a 2D
or 3D calibration target with a known geometry and position that is imaged by all cameras of
the measurement setup, see e.g. Raffel et al. (2007) and Heineck et al. (2013). The application
of a calibration target covering the entire measurement volume (i.e. the overlapping FOV of all
cameras) of a full-scale experiment outside the laboratory can pose a significant challenge. In
the present flight tests, the measurement volume was located up to 18 m above the ground and
had dimensions of 17 m × 11 m, necessitating a different approach for the camera calibration.

Before the test runs, a helium balloon with a diameter of 1 m was positioned within the mea-
surement volume, as shown in Fig. 5.17a. The cameras were aligned with the helium balloon
and their lens magnifications adjusted to cover approximately the same FOV. The distances and
angles between the cameras and the balloon were measured by a laser distance meter with an
accuracy of ± 0.5 m. An initial extrinsic camera calibration was calculated based on these geo-
metric measurements and the set values of the camera focal lengths. The balloon was imaged
by all cameras and the camera plane coordinates of the balloon center were determined. The
camera orientations were corrected by the differences between their principle points and the
projected balloon center. For the present camera setup, lens distortion effects were found to be
negligible due to the small (cropped) camera sensor and a centered object of interest that cov-
ered less than 70% of the image width.

The initial camera calibration was not accurate enough for the reconstruction of small phase
objects such as the blade tip vortices with a diameter of less than 0.05 m. Therefore, the initial

Figure 5.17: Photographs of a) a large helium balloon, and b) the BO 105 with selected marker
positions for the camera calibration
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camera calibration was iteratively optimized based on prominent points on the helicopter fuse-
lage, which acted as an in-situ calibration target. For each camera, a total number of 44 points
from five different measurement images were manually selected, as shown by white markers in
Fig. 5.17b for one measurement image of camera 2. Despite the lack of precise marker points
and the reduced sharpness of the helicopter image due to the background-focused cameras, the
manual selection had an uncertainty of below ± 2 pixels, or ± 6 mm in the physical domain.

The optimization of the camera calibration was carried out by iteratively varying the positions,
orientations and effective focal lengths of all cameras relative to a single fixed master camera,
e.g. camera 1. Each camera was paired with the master camera and the points on the helicopter
fuselage visible in both cameras were reconstructed in 3D object-space using a triangulation-
based stereo photogrammetry technique by Mikhail et al. (2001), which is described in detail in
Subsection 5.4.5. The reconstruction can briefly be explained for a 2D representation of a 3D
point in the camera image plane that is back-projected as a line through the camera optics and
into the 3D measurement volume using the pinhole camera model together with the camera’s
position and orientation. For an optimal camera calibration, the 3D coordinates of the sought
object-space point are found by intersecting the back-projected lines from a pair of cameras. In
practice, however, pairs of lines typically do not perfectly intersect in 3D space. Therefore, the
nearest points on the master camera lines with respect to the other camera’s lines were chosen
as intersection points and the miss distances between the line pairs were averaged and used
as a quality indicator for the convergence of the iterative scheme. For the final and converged
camera calibration, the cameras were shifted by less than 0.8 m and the reconstructed calibration
points typically scattered by less than ± 0.03 m. The positions, horizontal orientations and focal
lengths of the final camera setup are also given in Table 5.1 in Subsection 5.3.1.

5.4.4 Epipolar geometry

The 3D reconstruction of solid objects via photogrammetry requires discrete markers or promi-
nent points on its surface to be imaged and identified in two or more camera images. The
application of the corresponding reconstruction algorithms to invisible and continuous objects
such as blade tip vortices implies that corresponding points on the vortex lines can be identi-
fied clearly in the images of all cameras. This issue is described as correspondence problem by
Meyn & Bennett (1993) and can be solved by application of the epipolar geometry method, as
described by Hartley & Zisserman (2003). The epipolar geometry method is based on the pin-
hole camera model and imposes geometric constraints on pairs of camera images, as shown in
Fig. 5.18. In the illustration, two cameras (A,B) are depicted including their optical centers OA

and OB and image planes (blue rectangles). An object-space point X (e.g. a point on a 3D vor-
tex segment) and its projections XA and XB onto the two image planes are sketched. Follow-
ing the idea behind the epipolar geometry, the point X and its projections XA and XB define an
epipolar plane that intersects the image planes of both cameras. If only the epipolar plane, XA,
and OA are known, the line through these two points can be mapped as an epipolar line in the
image plane of camera B (see red line in Fig. 5.18). The point XB corresponding to XA must be
located on this epipolar line. The point XB can be determined by identifying the vortex filament
X is located on in both camera planes and intersecting it with the epipolar line. The constraint
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Figure 5.18: Epipolar geometry with projected camera plane points XA and XB of the 3D point
X, and the corresponding red epipolar line, after Heineck et al. (2013)

imposed by epipolar geometry is written as

[
xA yA 1

]
× F ×

 xB

yB

1

 = 0 (5.1)

where (xA, yA) and (xB, yB) are the coordinates of corresponding points in the images A and
B, and F is the 3 × 3 fundamental matrix. At least seven corresponding point pairs in the
two images are necessary to estimate this fundamental matrix. During the present evaluation,
two different methods were applied for the estimation of F, both based on point pairs on the
fuselage of the helicopter, as shown in Fig. 5.17b. These methods are the normalized eight-point
algorithm by Hartley (1997) and the random sample consensus (RANSAC) method by Fischler
& Bolles (1981), which used 44 point pairs here. The fundamental matrices were estimated
for all possible camera combinations in the multi-camera setup. The fuselage points from one
camera image were projected as epipolar lines in the other corresponding camera image as a
check of the precision of the estimated fundamental matrices. Differences between the epipolar
lines and the respective fuselage points of less than 1.5 pixels were found.

Discrete points with a distance of between 5 and 10 pixels were extracted from the previously
determined 2D spline representations of the vortex segments of a selected master camera. Each
of these extracted points was mapped as an epipolar line in all other camera images, as shown
e.g. in Fig. 5.19 for camera 2. The two red lines are epipolar lines mapped from the fuselage
points of camera 5 and the blue lines represent the detected vortex locations in the image of
camera 2. The intersection points between the 2D vortices and the epipolar lines were deter-
mined and stored together with the original points from the master camera. These discrete and
paired groups of 2D vortex points in two different camera images are the basis for the recon-
struction of the corresponding object-space vortex filaments. The point-pairing scheme returned
unambiguous connections for the majority of all processed data points. Despite the coding of
vortices, however, false pairing of points on non-corresponding vortices could not be prevented
for some vortex segments. This problem is illustrated by the upper epipolar line in Fig. 5.19,
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Figure 5.19: Picture of BO 105 from camera 2 with blue vortices, red epipolar lines mapped
from camera 5, and multiple intersection points, after Bauknecht et al. (2014d)

which intersects with more than one vortex segment. A second source of error are multiple in-
tersections of epipolar lines with a single curved or wave-shaped vortex. The underlying ambi-
guity of the epipolar mapping is also illustrated in the principle sketch of Fig. 5.18, where the
point XA is mapped to all points Xi on the epipolar line in the image plane of camera B. Only
by intersecting the epipolar line with the correct vortex filament, a valid point pair is generated.
For the vortex pairing in the present evaluation, up to four intersection points were found on
a single vortex filament, as depicted by the lower epipolar line in Fig. 5.19. Some of the false
point pairs were directly removed by detecting skips in a continuous series of 2D points. The
remaining false point pairs were filtered out after the reconstruction process, as they resulted in
unphysical object-space points outside the rotor tip region.

The present camera setup featured large horizontal and relatively small vertical distances be-
tween the cameras due to the layout of the test site. Consequently, epipolar lines with only mod-
erate inclination angles of around 10◦ were generated, as shown e.g. in Fig. 5.19. Some seg-
ments of the blade tip vortices had a comparable orientation, which led to shallow intersection
angles, a reduced horizontal accuracy of the corresponding point pairing, and thus an increased
uncertainty of the reconstructed position of the object-space point.

5.4.5 3D reconstruction of vortex positions

The 3D reconstruction of the object-space vortices was carried out by a triangulation-based
stereo photogrammetry technique. The point-based method necessitated the discretization and
pairing of 2D points by the epipolar geometry method, as explained in the previous subsection.
Consequently, only discrete points on the 3D vortices were reconstructed instead of continuous
curve segments. The previously defined combinations of a master camera with all other cameras
were applied again for the reconstruction. As some parts of the vortex system were not captured
by a single master camera, two different master cameras (1 and 5) on opposite ends of the
camera setup were used to increase the number of reconstructed vortex segments.
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For each camera pair, a 3D point cloud was generated that represented discrete points on the
3D vortices. The combination of multiple of these camera-dependent point clouds exhibited
scattering due to the previously described false point pairing, multiple intersection locations,
and the residual camera calibration error. For each azimuthal position and coded vortex seg-
ment, the median center position was computed. Points with a distance greater than 4 %R or
0.2 m from this median center position were treated as outliers and deleted. A second routine
proceeded along groups of contiguous 3D vortex points and filtered out points with a deviation
of more than 2 %R or 0.1 m from a locally fitted polynomial curve. Small discontinuities were
caused by the variation of the master camera as different points on the vortex segments were
used for the point-pairing process in combination with altered intersection angles of the epipo-
lar lines with the vortices. As a consequence, the horizontal scattering of the reconstructed vor-
tex points was increased in some parts of the wake and decreased in others. Up to six individual
vortex point clouds were reconstructed for a single master camera and six paired cameras. The
residual point scattering was of the order of ± 0.4 %R or ± 0.02 m around the average vortex po-
sitions. By adding the second master camera, the number of camera combinations doubled and
the corresponding point scattering increased at some locations, leading to fluctuations of up to
± 1 %R or ± 0.05 m around the average vortex positions.

5.4.6 Numerical comparison

A numerical simulation of the helicopter wake was carried out by Jianping Yin from DLR
Braunschweig to enable a qualitative comparison with the experimentally determined 3D vortex
positions. For the simulation, the incompressible, unsteady 3D free-wake panel method solver
UPM was used, see Yin & Ahmed (2000) and Yin (2012) for details. UPM is a velocity-based,
indirect potential formulation that uses a combination of source and dipole distributions on the
rotor blades. In the rotor wake, dipole panels and a full-span free-wake model including a tip
vortex roll-up formulation are applied for the computation of the vortex system. Rigid blades
were assumed for the simulation and adjusted with a force trimming procedure to achieve a
rotor thrust of T = 25 kN and a vertical rate of climb of 1 m/s. These operational conditions
were estimated for the ascending hovering flight test case used for the 3D vortex reconstruction,
which is described in the following section.

5.4.7 Concluding remarks about the BOS data analysis

The vortex reconstruction process employed here requires a processing time of the order of
50 hours for a set of 7 camera images. The majority of the involved routines are automated
and do not significantly contribute to this duration. The processing time is mainly affected by
the iterative camera calibration, semi-automatic vortex detection, and filtering of unphysical
vortex positions in the spatial domain. An improvement with respect to both the processing
time and accuracy of the results can be achieved by replacing the time-consuming iterative
camera calibration with a camera calibration based on automatically detected marker points. In
combination with a larger vertical angle between the cameras, this measure would positively
affect the number of outliers in the reconstructed object-space domain and reduce the post-
processing time of the results.



122 Chapter 5. Localization of blade tip vortices on a full-scale helicopter

5.5 Results of the full-scale vortex reconstruction

5.5.1 Multi-camera vortex visualization

A multi-camera visualization of the vortex system of the BO 105 in ascending hovering flight is
shown in Fig. 5.20. The graphic depicts seven cropped photographs of the helicopter that were
simultaneously acquired by cameras 1− 7. The corresponding detected 2D vortex filaments are
overlaid on the pictures. The curves are color-coded based on the rotor blade from which they
originated (red: front, green: right-hand side, blue: rear, yellow: left-hand side; positions are
in the helicopter frame of reference). The characteristic helical shape of the vortex system with
a decreasing diameter with wake age is visible in all seven camera views, but most clearly in
the images of cameras 2, 3, and 5. The vertical convection rate is moderate close to the rotor

Figure 5.20: Photographs of the BO 105 from cameras 1− 7 with extracted and grouped 2D tip
vortices color-coded by blade, after Bauknecht et al. (2014d)
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disk, resulting in small vertical distances between consequent vortex generations, as visible
e.g. on the right-hand side of camera image 6 in Fig. 5.20. The vertical convection rate grows
with increasing wake age, inducing larger distances between the vortex filaments. Long and
largely continuous vortex curves are detected for the lower cameras 1−5 with maximum visible
vortex ages of just above ψv = 360◦. Interruptions of the vortex curves are caused by the
helicopter fuselage, the rotor blades, the hot engine exhaust, and the dark, soil-covered, low-
contrast areas in the background, see e.g. Fig. 5.20, camera 4. The onset of vortex instability
effects is visible for the lower yellow vortex segment around ψv = 360◦. Visibility of this
segment, however, is not equally good for all cameras and mainly restricted to a region close
to the edge of the rotor wake, which varies with the observation angle. Only a partial 3D
reconstruction of this vortex filament is therefore possible. As stated above, the backgrounds for
cameras 1− 5 are better suited for the BOS evaluation than the backgrounds of cameras 6− 10.
For cameras 8 − 10, the increased noise level causes a loss of the vortex signal for large parts
of the vortex system. Only at the lateral edges of the rotor disk are some vortices visualized
where the increased integration length through the vortex filaments intensifies the displacement
signal. As the additional information gained by cameras 8 − 10 is limited, only cameras 6
and 7 from the upper group are used for the reconstruction. Despite the limitations due to the
imperfect natural background, a large part of the helicopter vortex system is visualized using
cameras 1 − 7, which is already an improvement compared to a single camera result.

5.5.2 Full-scale vortex reconstruction

Based on the iteratively optimized camera calibration and the 2D data set shown in Fig. 5.20,
a 3D reconstruction of the vortex system and the helicopter fuselage was carried out. Multiple
views of the reconstructed 3D vortex system are depicted in Fig. 5.21. A new local coordinate
system (x, y, z) is defined by translation of its origin to the instantaneous rotor hub center, while
keeping the orientation of the previously defined axes (X,Y,Z) constant. The plot axes are
normalized with the rotor radius R. The vortices are color-coded according to the blade they
trail from, as given in Fig. 5.20. A 3D model of the BO 105 helicopter is added to the plots with
its position and orientation determined by the reconstructed calibration points on the helicopter
fuselage. In addition, the rotor blades are added based on the reconstructed locations of the
blade tips. In comparison with the other reconstructed object-space points, the azimuthal blade
tip positions exhibit increased scattering due to motion blurring and the residual camera jitter
in combination with the high blade tip velocity. This leads to an increased uncertainty in the
azimuthal blade tip positions of around ± 0.2c.

The BO 105 is depicted from perspectives close to camera 5 in Fig. 5.21a and camera 1 in
Fig. 5.21b, respectively. The top view of the vortex system is given in Fig. 5.21c. As previously
explained, the reconstructed vortex system corresponds to an ascending hover flight state. In
more detail, the BO 105 performed a swinging motion along the vertical axis and the images
were acquired close to the bottom reverse point of the maneuver, where the vertical acceleration
and the blade loads were relatively high. At the moment of the image acquisition, the fuselage of
the helicopter had an inclination of 6◦ and a roll angle of −2◦, which is also visible in Fig. 5.21.

A close resemblance between the 2D projections shown in Fig. 5.20 and the 3D vortex curves is
observed. The previously described characteristic contraction of the rotor wake is evident in the
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Figure 5.21: Different perspectives a-c) of the BO 105 and reconstructed main rotor vortex sys-
tem, and d) radial section at marked position in c), after Bauknecht et al. (2014d)

3D plots as well, especially in the top view (Fig. 5.21c). The large initial radial convection of the
young vortices close to the rotor plane can be seen e.g. for the red curve of the vortex shed by
the forward facing blade. The strongest radial convection is found directly behind the forward
facing blade for a vortex age up to ψv = 20◦. The initial radial contraction is smaller for the
other blades, which can potentially be attributed to the unsteady flight condition and the different
blade loads due to the control inputs of the pilot to keep the BO 105 within the measurement
volume. The azimuthal asymmetry decreases for older vortex ages and the characteristic helical
vortex shape develops. Parts of the vortex system are well covered by more than two cameras,
which leads to the reconstruction of continuous vortex segments with an azimuthal extent of up
to 90◦, as can be seen for the yellow vortex curve behind the retreating blade in Fig. 5.21. Due
to the outlier filtering – as explained in the previous sections – gaps are generated in the vortex
segments. Vortex filaments that are only covered by a single camera cannot be reconstructed, as
can be observed for the green vortex segment above and to the left-hand side of the tail boom
that is only detected by camera 1 in Fig. 5.20. This monoscopic coverage of parts of the rotor
wake is caused by the small horizontal viewing angle of 83◦ between the outermost cameras
and the view obstructions by the helicopter fuselage and the engine exhaust.
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An increased scattering of up to ± 1 %R or ± 0.05 m is visible for the green vortex curve in
front of the helicopter for vortex ages of between 210◦ and 260◦. This increased scattering
corresponds to the shallow intersection angles in the epipolar point-pairing process, which are
caused by the mainly horizontal vortex filaments in the lower camera images and missing curve
segments in the upper camera images. The vertical camera separation is consequently less
effective for this part of the vortex system and reduces the accuracy of the 2D point-pairing.

The onset of macroscopic instability effects is observed for vortex ages close to ψv = 360◦, as
depicted for the yellow vortex curve in Fig. 5.21. A complete reconstruction of the correspond-
ing vortex segment was not possible due to missing projections in the images of camera 1 and
6, in combination with limited overlap between the vortex filaments detected by the other cam-
eras. The wave-like shape of the instability zone was therefore only partially captured.

A radial cut through the vortex system at the marked trailing edge position in Fig. 5.21c is
plotted in Fig. 5.21d. The radial coordinate r is measured in the rotor frame of reference and
normalized with the rotor radius R. The vertical coordinate z is given relative to the blade tip
height ztip and also normalized with R. Four different vortex segments from the rear half of
the vortex system are shown in the image. Their intersection locations with the sectional plane
are marked by black circles, visualizing the outline of the contracting wake. The green vortex
segment is generated by the blade depicted in the frame and intersects with the sectional plane
just behind the tip of the blade trailing edge. As helicopter rotors operated in hovering flight are
generally not prone to BVI effects, the positional information extracted from the present set of
reconstructed vortices cannot be used for the analysis of BVI. Nevertheless, the determination
of important geometric parameters such as the minimum miss distance between the red vortex
and the advancing blade of 0.8c at a location of r/R = 0.905 with an interaction angle of close
to 90◦ shows the potential of this measurement technique for application to real BVI studies.

A qualitative comparison between corresponding views of the reconstructed experimental vor-
tex system and the result of a 3D free-wake panel code simulation is shown in Fig. 5.22. The
simulation was set up with estimated boundary conditions, the details of which are discussed

Figure 5.22: Comparison of corresponding views of a) the experimental vortex system from
Fig. 5.21 and b) result from an unsteady 3D free-wake panel code simulation of a
similar flight state, after Bauknecht et al. (2014d)
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in Subsection 5.4.6. The result of the simulation in Fig. 5.22b also depicts a fuselage model of
the BO 105 and the computed blade tip vortices. The maximum visibility of the vortices was
matched with the experimental result in Fig. 5.22a. The overall shapes of the two vortex systems
exhibit a high qualitative agreement. In detail, some differences in the wake contraction and
vortex disturbance levels are observed. This can be attributed to the temporal resolution of the
simulation and the estimated experimental boundary conditions, as exact measurements were
not available. Despite these differences, the overall agreement between the results shown in
Fig. 5.22 underlines the quality and comparability of the experimental data and gives an outlook
for potential applications of future 3D BOS results with well-determined boundary conditions.

5.5.3 Summary of the flight tests

The flight test program conducted within this work comprised three preliminary and one main
flight tests, which have been discussed within this chapter. The main goal of the preliminary
flight tests was the demonstration of the visualization capabilities of the BOS method and the
reference-free BOS variant. The vortices of a BO 105 helicopter under hovering and landing
flight conditions were visualized with a retro-reflective reference-free BOS setup close to the
ground. The unrestricted maneuvering flight of a Cougar helicopter was studied in a mountain
environment with a pivoted and versatile reference-free dual camera system and natural back-
grounds. Unprecedented vortex visualization results were obtained during high-speed and un-
steady maneuvers such as accelerating forward flight and flare, allowing the study of details
such as vortex instability effects. As a further demonstration of the capability of the reference-
free BOS method to operate under highly unsteady conditions, an airborne dual camera system
was used to visualize the vortices of a BO 105 during free maneuvering flight. The moving per-
spective from above the helicopter allowed for the study of high-speed forward flight and re-
lated phenomena such as vortex roll-up and BVI.

The goal of the main flight test was the 3D localization of a full-scale helicopter vortex system.
A multi-camera BOS setup with natural backgrounds was utilized to simultaneously acquire
BOS measurement images of the BO 105 helicopter under maneuvering flight from various
perspectives. A test case of ascending hovering flight was selected for the visualization, detailed
analysis, and 3D reconstruction of the main rotor vortex locations. The processing consisted
of the visualization of the blade tip vortices, semi-automatic detection of their positions in the
camera images, iterative calibration of the camera setup, discretization and pairing of 2D vortex
curves with the corresponding vortices in other camera images, and the reconstruction of the 3D
locations using a triangulation-based stereo photogrammetry technique. As a final result, the
main rotor blade tip vortex system of the BO 105 was localized in object-space with an average
accuracy of the point locations of about ± 0.02 m. Gaps in the vortex data originated from a
relatively small maximum horizontal viewing angle of 83◦ between the outermost cameras and
obstructions by the fuselage and the exhaust gases from the engines. From the reconstructed
vortex system, geometric data was extracted that is important for the assessment of BVI effects.
A minimum miss distance between a vortex and the advancing blade of 0.8c was determined
at a location of r/R = 0.905 with an interaction angle of close to 90◦. The quality and level of
detail of the reconstructed data set shows the potential of the BOS measurement technique for
quantitative full-scale measurements of real BVI test cases.



6 Conclusions and outlook

This thesis focuses on two important aspects of blade-vortex interactions (BVI): a reduction
of the adverse effects of BVI and realizing a full-scale validation of BVI results obtained

from sub-scale model rotor tests. The corresponding evaluation is based on experimental results
obtained from the hover test of a smart-twisting active rotor (STAR) and multiple flight tests
on full-scale helicopters. These experiments were conducted to answer the main questions that
were formulated in the introduction. The conclusions of this work are correspondingly split into
two sections, followed by an outlook on future BVI investigations.

6.1 Active twist investigation on a large-scale model rotor

The first section focuses on the results of the STAR model rotor test under hover conditions.
The main research question that motivated this experiment was:

What are the effects of active twist actuation on the shed blade tip vortices?

The experimental investigation of the STAR active twist rotor was conducted and evaluated
with respect to this question. The rotor blades were actuated with harmonic frequencies of
1/revolution to 5/rev over a range of control phase angles with 45◦ increments. The test was
conducted in a hover chamber and comprised simultaneous and time-resolved stereoscopic par-
ticle image velocimetry (PIV) and background-oriented schlieren (BOS) measurements to inves-
tigate the velocity and density fields around the tip vortices for wake ages of ψv = 3.56◦−45.74◦.
The corresponding velocity and density data were evaluated to determine the strength, extent,
and locations of the tip vortices, as well as actuator-induced changes thereon, relative to an un-
actuated test case. The following conclusions were drawn from the actuated hover test:

1. The recirculation in the hover chamber and geometric variation between the rotor blades
both caused similar and significant levels of aperiodicity in the recorded data. These
effects were effectively counteracted by performing the vortex analysis in the blade tip
frame of reference, and by applying individual averaging based on the mean swirl veloc-
ity profile obtained from 72 cuts through the vortex. These measures were found to ade-
quately reduce the influence of random variation in both the positions and shape parame-
ters of the vortices. The actuation-induced effects thus exceeded the random fluctuations,
enabling a meaningful analysis of the effects of active twist on the blade tip vortices.

2. The recorded particle images exhibited a characteristic seeding void close to the vortex
center, which had to be excluded during the evaluation to prevent the falsification of
the velocity information close to the vortex core. The extent of the void was generally
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smaller than the detected vortex core radius and thus had little influence on the measured
vortex parameters. A direct comparison between results obtained by the PIV and BOS
measurement systems exhibited a good correlation for the strength and trajectories of the
vortices, and marginally increased values for the BOS-based core radii with an average
offset of 0.35%c. The reliability of the measured aerodynamic data is thus substantiated
by the converging results from two entirely different measurement systems.

3. The swirl velocity profiles across the unactuated vortex compared well with the Vatistas
vortex model with a form factor of n = 2. The extracted peak swirl and axial velocity
components exhibited a similar decay with time as found in previous studies.

4. A deviation from the expected square root development of the core radius was observed
up to a vortex age of ψv = 15◦ due to the unfinished roll-up of the vortex. This trend
was found for both PIV and BOS data, and for the unactuated and most of the actuated
test cases, therefore supporting former observations by Ramasamy et al. (2009b). The
comparison of vortex parameters between different rotor experiments was thus found to
crucially depend on a completed vortex roll-up. The high temporal resolution of the PIV
measurements enabled an analysis of the 3D vortex formation and thus allowed detailed
insights into the vortex roll-up process.

5. The present evaluation comprises the first quantitative reconstruction of density across a
rotor blade tip vortex based on a laser speckle-illuminated BOS system and a reference
experiment with a known density distribution. The approach returned plausible magni-
tudes and trends for the vortex density that were qualitatively comparable with the peak
swirl velocity. The density investigation also enabled the identification of two distinct
phases for the temporal development of the core density with different recovery rates.
This discovery provides a valuable insight into the mechanisms of vortex decay and illus-
trates the merits of a density-based vortex investigation.

6. The effect of active twist on the strength and trajectories of the vortices highly depends
on the control frequency and phase angle of the actuation. Careful application of the twist
control thus enables selective targeting of the BVI-critical vortex segments by modifying
their strength during the interaction and increasing the blade-vortex miss distance.

7. No significant alterations of the shape of the vortex trajectories – about ±0.5 %R around
the baseline condition – were observed for the 1/rev, 4/rev, and 5/rev actuation frequen-
cies. The 1/rev actuation had a significant effect on the blade flapping motion, which re-
sulted in a variation of the vertical blade tip position by up to 1.3 %R above and −1.01 %R
below the unactuated test case. The largest vertical vortex displacements were found for
the 2/rev actuation with up to −1.4 %R below the baseline case, and for the 3/rev actua-
tion with a shift of up to −2 %R within the first 35◦ of wake age. A miss distance of 5 %R
between the vortex and the following rotor blade is extrapolated for the 3/rev vortex dis-
placement, illustrating the control authority of the active twist actuation over the vortex
trajectories and potentially over the magnitude of BVI.

8. Active twist actuation with frequencies of 1/rev, 4/rev, and 5/rev only resulted in mod-
erate variations of the initial peak swirl velocity – studied here as a measure of vortex
strength – of between −22 % and +12 % relative to the unactuated reference velocity. The
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2/rev and 3/rev actuation caused comparably large changes of the initial peak swirl ve-
locity of between −34 % and +31 % around the unactuated reference velocity. The active
twist actuation thus effects an azimuthal redistribution of the vortex strength, and has to
be phase-shifted correctly to ensure minimal strength of the trailing vortices that undergo
BVI. Overall, the magnitude of the changes in peak swirl velocity demonstrates the large
control authority of the active twist actuation over the vortex strength.

In summary, the hover tests demonstrated a high control authority of the active twist actuation
on the strength and trajectories of the trailing blade tip vortices. The magnitude of the evoked
changes indicates that the active twist actuation constitutes an effective measure for the mitiga-
tion of BVI-induced noise on real helicopters.

6.2 Three-dimensional vortex localization on helicopters

The second section of the conclusions focuses on the development of new measurement tech-
niques for full-scale rotor investigations. The main motivation for this part of the investigation
was also stated in the introduction:

Is it possible to acquire three-dimensional blade tip vortex positions for a full-scale
helicopter under free flight conditions?

To answer this question, three preliminary and one main flight test were conducted with a
BO 105 and an AS532UL Cougar helicopter in combination with different BOS setups. The
preliminary flight tests aimed to advance the reference-free variant of the BOS technique for
full-scale helicopter investigations. This technique was applied in the first preliminary test to
study the tip vortices of a hovering helicopter in front of an artificial background. The applica-
tion of a pivoting reference-free BOS setup with large natural backgrounds in the second flight
test enabled a visualization of the entire vortex system of a helicopter during highly dynamic,
BVI-relevant flight maneuvers. In the third test, the same camera setup was operated aboard a
microlight airplane to capture the vortex system of a helicopter under forward flight conditions.
A multi-camera BOS setup consisting of 10 individual cameras and a large natural background
was employed during the main flight test to perform a quantitative 3D vortex reconstruction on
a maneuvering helicopter. The following conclusions were drawn from the flight tests:

1. High-quality visualization results in highly dynamic, large-scale, and challenging test en-
vironments were obtained by the reference-free variant of the BOS technique, where other
measurement principles are not practicable. The reference-free BOS technique can be
realized with natural backgrounds and enables non-intrusive, full-scale, and whole-field
vortex visualizations on free flying helicopters with little to no maneuvering restrictions.

2. Fields and scree-covered slopes were found to provide ideal conditions for outdoor BOS
measurements in terms of background structure size, contrast, and two-dimensionality.
The temporal consistency of the background has to be considered for standard BOS mea-
surements with a time-displaced acquisition of the undisturbed reference image. Back-
grounds covered with vegetation are susceptible to wind gusts, whereas 3D backgrounds
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are especially affected by changes of the natural illumination. Based on the present ob-
servations, selected natural backgrounds provide highly suitable conditions for outdoor
BOS measurements that are even comparable with those of artificial backgrounds.

3. The vertical gradient of the vertical image displacements constitutes a suitable and robust
measure for the detection of helicopter tip vortices with a small imaged vortex extent. The
quality of this visualization criterion enabled a semi-automatic localization of the imaged
vortex segments in the measurement images. A fully automatic vortex detection was
hindered by residual background noise and obstructions of the vortices by the fuselage
and blades of the helicopter, and the engine exhaust gases.

4. The results of the preliminary flight tests demonstrate the large-scale application of the
reference-free BOS technique for the visualization of full-scale helicopter vortices under
increasingly realistic flight conditions. The detection of tip vortices up to a vortex age
of ψv = 630◦ for a range of hover, high-speed forward flight, and BVI-relevant flare
maneuvers constitutes a major advance for full-scale vortex investigations. The high level
of detail of the measurements allowed for the analysis of vortex instability and interaction
effects, as well as the roll-up of the vortex system on the lateral edge of the rotor disk.

5. The spatial extent of the main flight test setup prevented the usage of a calibration target
of known geometry for the calibration of the multi-camera assembly. The presently used,
iterative, two-step calibration approach had a suitable accuracy that resulted in a variation
of ±0.03 m between reconstructed points from different camera pairs.

6. The test site chosen for the main flight test provided scree-covered natural backgrounds
that were large enough for the 3D vortex investigation with a multi-camera BOS system.
The layout of the test site and the measurement volume, however, limited the maneuver-
ability of the helicopter and restricted the investigation to low-speed flight states. The
high resolution of the cameras, in combination with a small background structure size,
enabled a high-quality multi-perspective visualization of the main rotor vortex system up
to a vortex age of ψv = 360◦. The 3D reconstruction of the vortices allowed for a detailed
and quantitative assessment of the main rotor vortex system under ascending hover flight
conditions, including the extraction of BVI-relevant parameters such as a blade-vortex
miss distance and interaction angle. The current main flight test therefore enabled the
first full-scale reconstruction of a main rotor vortex system of a helicopter in free flight.

In summary, the results of the flight tests illustrate the potential of the BOS and reference-free
BOS techniques for full-scale vortex investigations, and prove that the acquisition of 3D blade
tip vortex positions is possible for helicopters under free dynamic flight conditions.

6.3 Outlook

Despite the advances that the current collection of studies contribute to the investigation of
BVI, future studies have several issues to consider. A realistic assessment of the effects of
active twist actuation on BVI can only be made based on wind tunnel tests. A wind tunnel
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entry of the STAR model rotor was prevented by endurance issues of the piezoceramic active
twist actuators. A DLR-internal follow-up project is currently investigating the sources of the
malfunctions and strives to manufacture and test a new set of active twist rotor blades based on
advanced piezoelectric actuators. The final goal of this new project is again the realization of
a wind tunnel test to investigate the effects of active twist actuation under BVI-relevant flight
conditions. Some of the measurement techniques applied within the present work – such as
high-speed stereoscopic PIV and a 3D vortex reconstruction base on BOS measurements – are
highly suited for the investigation of BVI under these forward flight conditions. An application
of these measurement techniques could greatly contribute to improve the understanding of BVI
and the exact influence of the active twist actuators thereon.

The reference-free BOS technique has been shown to be a versatile and powerful experimen-
tal method for vortex visualization, even under extreme and highly unsteady test conditions. It
is particularly suited for large-scale aerodynamic and thermal investigations on rotorcraft and
aircraft due to the combination of its high measurement sensitivity, potentially very high mea-
surement resolution, and relatively simple implementation in large-scale outdoor environments.
The present implementation of reference-free BOS with a dual-camera setup could be replaced
by a single camera with both a high spatial resolution and a short sensor readout time in the fu-
ture. Larger camera sensor resolutions could improve both regular and reference-free BOS sys-
tems and would allow for the acquisition of finer aerodynamic details or an increased field of
view, which could e.g. simplify the investigation of helicopter vortices during high-speed flight
tests with a fixed camera measurement volume.

A reconstruction of the main rotor vortex system of a free-flying helicopter was successfully
carried out in the present work based on a multi-camera BOS system with large-scale natural
backgrounds. This full-scale vortex investigation already constitutes a major advance for full-
scale helicopter flight testing, but it has not exploited the full potential of the measurement tech-
nique yet. The natural backgrounds in the present 3D vortex investigation exhibited inhomo-
geneous areas, were partially poorly lit due to the low altitude of the sun, and only covered an
azimuthal angle of about 80◦ around the helicopter. Future 3D helicopter vortex investigations
should employ homogeneous and adequately illuminated natural backgrounds that further en-
circle the measurement volume to ensure that each vortex segment is acquired by at least two
cameras, despite unpreventable obstructions by the fuselage and engine exhaust. The investiga-
tion of BVI on full-scale helicopters further requires the performance of high-speed flight ma-
neuvers, which puts additional demands on the topology of the test site. The measurement vol-
ume of a setup that allows for full maneuverability of the helicopter would potentially be lo-
cated far above the ground. This kind of setup would necessitate a fast, yet accurate, and un-
conventional concept for the camera calibration, e.g. based on automatically detectable markers
attached to a drone flying within the measurement volume and the simultaneous acquisition of
calibration images by all cameras.

The final step for future full-scale vortex visualization tests is the generation of comparable
and comprehensive experimental data sets by simultaneously acquiring not only the 3D vortex
system, but also the helicopter movements and accelerations, the blade tip deformations, the
pilot control inputs, and the environmental boundary conditions. Such exhaustive data sets
could then be used for the validation of comprehensive rotor codes, sub-scale model tests, and
computational investigations.
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