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Abstract

Dynamic stall is an unsteady flow phenomenon that occurs when an airfoil is rapidly pitched
beyond the static stall angle. The transient boundary layer separation process, characterized by
the shedding of a strong vortex across the suction surface, produces severe aerodynamic load
fluctuations that lead to fatigue damage. This is a major problem on wind turbine rotor blades,
which are exposed to highly unsteady inflow conditions. Successful control of this phenomenon
could potentially yield significant reductions in the cost of energy.

Even though dynamic stall has been extensively studied before, the associated flow speed variations
have rarely been considered. In the present study, experiments were conducted in a unique wind
tunnel facility that allows to reproduce the unsteady inflow characteristic of wind turbine rotor
blades by simultaneously varying the angle of attack and the wind tunnel speed at short time
scales. All experiments were performed on a NACA 0018 airfoil, typically found on vertical
axis machines, that exhibits trailing-edge type stall. Flow field measurements were made using
Particle Image Velocimetry and the unsteady surface pressure distributions were recorded with
arrays of piezo-resistive transducers. Phase locked measurements revealed the formation of a
second dynamic stall vortex across the rear half of the airfoil. This structure termed “aft dynamic
stall vortex” produces a drop of the pitching moment prior to the shedding of the leading-edge
dynamic stall vortex. The impact of the dynamic flow speed variation on the reduced frequency
was investigated in detail for both light and deep dynamic stall. The experimental results clearly
show that the reduced frequency effectively varies as a function of the freestream velocity, leading
to significant differences in the transient variations of the aerodynamic coefficients. The matched
pitch rate concept was extended to the case of synchronous incidence oscillations and flow speed
variations, providing a framework that permits the prediction of unsteady aerodynamic loads from
data obtained at constant flow speeds.

A novel flow control concept termed “adaptive blowing” was successfully tested. While the working
principle is in part based on classical steady blowing, the fundamental differences lie in the dynamic
variation of the control jet momentum for the purpose of controlling unsteady aerodynamic loads
and the use of low-momentum blowing to temporarily reduce lift. Initially, steady blowing was
investigated to characterize the effect of control. A comparison of blowing at different chordwise
positions revealed that the leading-edge slot provides a far larger control authority, allowing for
significant changes in lift over a wide range of angles of attack. Slot blowing at moderate and high
momentum coefficients produced a substantial increase in lift and fully suppressed the formation
of the dynamic stall vortex, thereby eliminating the associated rapid load excursions. In contrast,
low momentum blowing was found to induce boundary layer separation at relatively small angles of
attack, yielding a significant lift reduction. Once the effect of steady blowing had been established,
the momentum coefficient was varied dynamically to compensate for transient changes of the
inflow. An iterative control approach was implemented, which successfully identified the time

VII



profiles of the control jet momentum flux required to minimize the lift excursions. This strategy
provided an unprecedented control authority during various periodic inflow oscillations, producing
virtually constant phase averaged lift.
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Zusammenfassung

Rotorblätter kommerzieller Windkraftanlagen sind intensiven Fluktuationen der Strömungsge-
schwindigkeit und des Anstellwinkels ausgesetzt, die zu einer dynamischen Ablösung der Grenz-
schicht führen können. Dieses durch die Konvektion eines starken Längswirbels gekennzeichnete
instationäre Strömungsphänomen ruft plötzliche Schwankungen der aerodynamischen Kräfte
hervor. Um trotz der daraus resultierenden mechanischen Belastung eine lange Lebensdauer
der Rotorblätter zu gewährleisten, ist eine stabile Konstruktion notwendig, was zu erhöhten
Herstellungskosten führt.

Ziel dieser Arbeit ist es, zu einem besseren Verständnis der dynamischen Grenzschichtablösung
beizutragen und darauf aufbauend eine wirksame Methode zur Verminderung der daraus resul-
tierenden Auftriebsfluktuationen zu erforschen. Die vorliegende Arbeit beschreibt die Ergebnisse
von experimentellen Untersuchungen, die an einem speziell für die Erzeugung starker Geschwindig-
keitsfluktuationen entwickelten Windkanal durchgeführt wurden. Im ersten Abschnitt wird die
die dynamische Ablösung unter für Rotorblätter von Windkraftanlagen charakteristischen Bedin-
gungen untersucht. Obwohl dieses Phänomen seit mehreren Jahrzehnten Gegenstand intensiver
Forschung ist, wurde bisher wenig über den Einfluss der Geschwindigkeitsfluktuationen bekannt.
Gleichzeitige Messungen des Strömungsfeldes und der Verteilungen des Oberflächendrucks zeigen,
dass sich beim hier untersuchten für vertikale Windkraftanlagen typischen NACA 0018 Flügelprofil
zusätzlich zum bekannten Dynamic Stall Vortex ein bisher nicht im Detail beschriebener Wirbel
nahe der Hinterkante ausbildet, der eine frühe Verringerung des Kippmoments hervorruft. Die
zeitliche Veränderung der Relativgeschwindigkeit führt zu einer Variation der dimensionslosen Fre-
quenz, was einen direkten Einfluss auf die Intensität der dynamischen Effekte hat. Das „Matched
Pitch Rate Concept“, welches die Ähnlichkeit der instationären Ablösung unter unterschiedlichen
Anströmbedingungen vorhersagt, wurde für den Fall gleichzeitiger Variationen des Anstellwinkels
und der Strömungsgeschwindigkeit validiert.

Im zweiten Abschnitt wird ein neuartiges Konzept zur aktiven Strömungskontrolle untersucht,
das die Verminderung der dynamischen Lastfluktuationen zum Ziel hat. Das Ausblasen von Luft
tangential zur Flügeloberfläche kann dazu genutzt werden, die Grenzschicht zu destabilisieren
und deren Ablösung herbeizuführen, was eine deutliche Verringerung des Auftriebs verursacht.
Durch eine Erhöhung des Impulsstroms wird der gegenteilige Effekt erzielt. In diesem Fall
führt die Verhinderung der Ablösung zu einer signifikanten Auftriebserhöhung. Verschiedene
für Rotorblätter von Windkraftanlagen typische Strömungsszenarien wurden durch gleichzeitige
harmonische Variationen des Anstellwinkels und der Windkanalgeschwindigkeit simuliert. Die
experimentellen Ergebnisse belegen, dass durch dynamische Anpassung des Impulsstroms die
Lastfluktuationen um ein Vielfaches reduziert werden und ein nahezu konstanter phasengemittelter
Auftrieb erzielt werden kann.
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Nomenclature

Latin symbols

symbol description definition unit

c airfoil chord length 348mm

cd form drag coefficient D/ 1
2ρ∞U

2
∞c

cl lift coefficient L/ 1
2ρ∞U

2
∞c

cm quarter chord pitching moment coefficient M/ 1
2ρ∞U

2
∞c

2

cp pressure coefficient p− p∞/q

cs speed of sound [m/s]

CBLC boundary-layer control parameter Cµ(1− Ue

Uj
)

Cµ momentum coefficient hρjU
2
j /

1
2cρ∞U

2
∞

Cµ,qs momentum coefficient profile predicted from
quasistatic data

D form drag per unit span [N/m]

f frequency 1/T [Hz]

fH wind tunnel Helmholtz frequency [Hz]

F+ reduced forcing frequency fc/U∞

h control slot height 1.2mm

H boundary layer shape parameter

i measurement index

I turbulence intensity

Js streamwise momentum flux per unit span ρjU
2
j hjcos(η) [kg/s2]

k reduced frequency πfc/U∞

kn nominal reduced frequency πfc/U∞

L lift per unit span [N/m]

Ld desired lift per unit span (set point) [N/m]

N number of samples

M quarter-chord pitching moment per unit span [Nm/m]

Mj control jet Mach number Uj/cs

M∞ freestream Mach number U∞/cs
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p surface pressure [Pa]

p∞ freestream static pressure [Pa]

q dynamic pressure 1
2ρ∞U

2
∞ [Pa]

r radius of point on blade [m]

R location of boundary layer reattachment

RT turbine blade radius [m]

Re Reynolds number U∞c/ν

Reδ Reynolds number based on the boundary layer
thickness U∞δ/ν

s airfoil span 610mm

S location of laminar boundary layer separation

t airfoil thickness [m]

t time [s]

tconv vortex convection time scale c/U∞(φ) [s]

T location of transition

T period 1/f [s]

Tj control jet temperature [K]

T∞ freestream temperature [K]

u, v, w streamwise, chord-normal and spanwise velocity
components (wind tunnel frame of reference) [m/s]

u′, v′, w′ turbulent velocity fluctuations [m/s]

U analog voltage signal input to the mass flow
controller [V]

Ue local boundary layer edge velocity [m/s]

Uj control jet speed [m/s]

Uj,V control jet speed, estimated from flow rate [m/s]

Ur flow speed resulting from turbine rotation rΩ [m/s]

U∞ wind tunnel speed, freestream velocity [m/s]

Vrel relative flow speed [m/s]

V̇ volumetric flow rate of control jet [m3/s]

x, y, z chordwise, chord-normal and spanwise positions
(airfoil frame of reference) [m]

ym distance of the maximum control jet speed from
the airfoil surface [m]



Greek symbols

symbol description definition unit

α angle of attack [◦]

αs static stall angle [◦]

α0 mean angle of attack [◦]

α1 amplitude of the pitching motion [◦]

αmax maximum angle of attack α0 + α1 [◦]

αmin minimum angle of attack α0 − α1 [◦]

α̇ pitch rate dα/dt [◦/s]

α̇∗ normalized pitch rate [dα/dt] · c/U∞(φ) [◦]

β angle of the dividing streamline relative to the
airfoil surface [◦]

γ yaw angle [◦]

δ boundary layer thickness [m]

∆αs change in αs produced by control relative to
the baseline [◦]

∆cl change in cl produced by control relative to
the baseline

∆L deviation of the phase averaged lift per unit
span from the set point L(φ)−Ld(φ) [N/m]

∆tl time lag between the voltage signal and the
lift response [s]

∆U correction applied to the analog voltage signal [V]

∆φl phase lag between the voltage signal and the
lift response [◦]

η angle of the control slots relative to the airfoil
surface [◦]

Θ VAWT rotor blade azimuth angle [◦]

κ louver vane angle [◦]

λ amplitude of the wind tunnel speed oscillations

ν kinematic viscosity [m2/s]

ξ control gain

ρj control jet density [kg/m3]

ρ∞ freestream density [kg/m3]

σcl
standard deviation of the lift coefficient



σcm
standard deviation of the moment coefficient

σL standard deviation of the lift per unit span [N/m]

σM standard deviation of the moment per unit span [Nm/m]

τ phase shift between the pitching motion and the
wind tunnel speed variation [◦]

φ phase angle [◦]

ω angular frequency, rotor blade angular velocity 2πf [rad/s]

ωz normalized spanwise vorticity [ ∂v∂x −
∂u
∂y ] · c/U∞

Ω rotational speed of rotor [rad/s]

Abbreviations
abbreviation description definition

ADSV aft dynamic stall vortex

BLC boundary layer control

CC circulation control

DSV dynamic stall vortex

HAWT horizontal axis wind turbine

LEDSV leading-edge dynamic stall vortex

PIV particle image velocimetry

RMS root mean square

TSR tip-speed ratio ωRT /U∞

VAWT vertical axis wind turbine

VG vortex generator



1 Introduction

Wind turbine rotor blades are exposed to highly unsteady inflow for a variety of reasons: The earth’s
boundary layer, the misalignment of the rotor with the incoming wind and tower shadow effects
all lead to fluctuations of the angle of attack and the relative flow speed that occur periodically as
a function of the azimuth angle of the blades [1]. In addition, atmospheric turbulence and the
wakes of wind turbines located upstream produce inflow variations of a random nature [2]. The
aeroelastic response of the blades to the changing loads further complicates the situation. As a
cumulative result of all these effects, the rotor blades are exposed to strong unsteady fluctuations
in angle of attack and relative flow speed that lead to fatigue damage.

Figure 1.1: Schematics of wind turbine types.

There are essentially two types of wind tur-
bines used for power generation: Horizon-
tal axis wind turbines (HAWTs), which are
far more common, and vertical axis wind
turbines (VAWTs), both of which are illus-
trated in figure 1.1. One main advantage
of HAWTs lies in the fact that the torque
can be adjusted by changing the pitch an-
gle of the blades. Rotating the blades is
also an effective means to protect the rotors
from excessive loads [3]. Vertical axis ma-
chines have been intensively studied until the
1980s, when the research was discontinued
due to the commercial success of horizon-
tal axis turbines. However, VAWTs such as
the Darrieus model with curved blades or
the H-rotor concept (as exemplified in figure
1.1) offer numerous advantages over HAWTs:
They accept wind from any horizontal direc-
tion, making the complicated yaw control
mechanisms required for horizontal axis wind turbines dispensable. The proximity of the gearbox
and generator to the ground can reduce the costs of maintenance. Moreover, blade profile uni-
formity along the span significantly reduces manufacturing costs, and the absence of oscillatory
gravitational stresses known from HAWTs further contributes to the attractiveness of this design
[4]. However, modern horizontal axis wind turbines achieve a higher power coefficient than vertical
axis machines. Since horizontal axis designs have been used almost exclusively for large scale
electricity generation throughout the past decades, a vast amount of practical experience has been
accumulated. This technological lead makes it likely that horizontal axis designs will remain the
predominant solution for large scale applications in the foreseeable future [2].
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1 Introduction

Over the past decades, the rotor diameter of commercial wind turbines has continuously been
increased due to economic considerations. This trend still continues today with the development of
even larger turbines, especially for offshore applications, but while the increase in size has helped
reduce the cost of energy, the detrimental effect of unsteady aerodynamic loads is becoming a
critical limitation. The increasing length of the blades requires a light construction to limit the
mechanical stresses in the root section and the hub. However, the unsteady inflow conditions
caused by atmospheric turbulence, wind shear and yaw misalignment produce fatigue loads
that necessitate a robust construction, leading to increased manufacturing costs. This problem
is exacerbated by the inability of contemporary design tools to reliably predict the unsteady
aerodynamic loads [5]. The present lack of understanding of the transient loads acting upon wind
turbine blades has been demonstrated by the National Renewable Energy Laboratory (NREL)
Unsteady Aerodynamics Experiment carried out in the NASA-Ames wind tunnel facility [6],
where an extensively instrumented horizontal axis wind turbine model was tested under yawed
inflow conditions. A comparison with measured aerodynamic loads revealed that the various
computational methods currently in use failed to produce accurate predictions. This was especially
the case at high angles of attack, where boundary layer separation increases the difficulty of
correctly simulating the flow, and the occurrence of dynamic stall adds further complexity. As
accurate predictions of the associated fatigue loads are not available, present turbine designs
generally rely on high safety factors, leading to components that are overdesigned [7]. This
ultimately results in an increase in manufacturing costs, and hence there is a high incentive to
improve the understanding of unsteady wind turbine aerodynamics.

One possible approach to tackle the unsteady inflow and allow for a relatively light construction
of rotor blades is to limit the aerodynamic loads acting upon them by means of active flow control.
Contemporary wind turbines commonly employ pitch control to regulate power and limit the
blade loads. However, pitch control is not sufficient for the rotors of modern multi-MW turbines.
As the rotor diameter increases, the inflow conditions vary considerably across the blade span,
making it impossible to maintain an optimal angle of attack along the entire blade by adjusting
the pitch angle alone [8–10]. Moreover, the large moment of inertia of the blades limits the speed
of deflection, and the wear of the related bearings and actuators poses an additional challenge
[11]. In light of these limitations, much research activity has recently been focused on applying
active flow control on the rotor blades for load alleviation. In contrast to traditional pitch control,
the concept of so-called “smart structures” is envisioned to allow for localized, rapid changes of
the aerodynamic properties of the blades [12]. Actuators distributed along the span are combined
with sensors and controllers to provide feedback control. The most common approach to the
problem is to employ some type of trailing edge device or modification, such as flaps [13, 14],
adaptive trailing-edge geometries [15–17] or microtabs [18].

One of the main contributors to fatigue loads on wind turbine blades is dynamic stall, an unsteady
phenomenon that occurs when an airfoil is rapidly pitched beyond the static stall angle. It is
characterized by a strong vortex, the dynamic stall vortex (DSV), which forms near the leading-
edge. When the DSV is convected downstream, a brief lift overshoot and a subsequent sharp
drop in lift as well as severe pitching moment fluctuations result [19]. This leads to a number
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Figure 1.2: Idealized inflow conditions for a VAWT
blade: Angle of attack α (solid lines) and relative
flow speed Vrel/(TSR · U∞) (dashed lines) as a
function of the rotor blade azimuth angle.

of undesired effects: On the one hand, the
drop in lift and the simultaneous increase
in pressure drag caused by the boundary
layer separation above the suction surface
reduce the rotor torque and thus the turbine
performance [20]. On the other hand, the
unsteady aerodynamic loads cause fatigue
stresses acting not only on the rotor blades
but also on the generator and drive train
[21]. Dynamic stall is a common problem
on the rotor blades of both horizontal axis
wind turbines and vertical axis wind tur-
bines. Even though HAWTs ideally operate
at constant inflow, in reality rotor yaw mis-
alignment can yield very significant cyclic
angle of attack variations [5], which are of-
ten the main cause of dynamic stall. On
vertical axis wind turbines with fixed blades,
the angle of attack varies periodically as a function of the azimuth angle Θ. At tip-speed ratios
TSR = ωRT/U∞ < 5 (where ω is the rotor blade angular velocity, RT is the turbine radius and
U∞ is the freestream velocity), dynamic stall is an inherent effect of VAWT operation [22]. When
the induced velocity is assumed to be equal to the freestream velocity, which is a reasonable
approximation at low TSRs [21, 23], the periodic angle of attack oscillation is described by [24]

α = tan−1
[ sin Θ

TSR + cos Θ

]
(1.1)

while the relative flow speed is given by

Vrel =
√

[TSR + cos Θ]2 + sin2 Θ . (1.2)

The inflow variations described by equations 1.1 and 1.2 are plotted for various tip speed ratios in
figure 1.2. While the upstream portion of the cycle is represented quite accurately by the idealized
profiles, notable deviations can occur throughout the downstream half-cycle (180◦ < Θ < 360◦) as
a result of the tower shadow and the vorticity shed from the upstream rotor blades [22, 25].

A novel control concept termed “adaptive blowing” is presented in this work, which combines
the possibility of dynamically adjusting the lift characteristics of an airfoil with the ability to
control dynamic stall, providing a large overall potential for fatigue load reduction. The working
principle of adaptive blowing is in part based on steady blowing, which is one of the classical
boundary layer control techniques that were developed soon after the formulation of boundary
layer theory by Prandtl in 1904 [26]. Historically, this method has been used mainly as a tool to
suppress boundary layer separation. In this conventional application of steady blowing, the excess
momentum near the wall offsets the adverse pressure gradient that would otherwise promote
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1 Introduction

separation [27]. However, slot blowing can also be utilized to produce the opposite effect: When
a low momentum wall jet is ejected into an attached boundary layer subjected to an adverse
pressure gradient, separation can be precipitated, producing a significant decrease in lift [28–30].
Adaptive blowing is aimed at exploiting both mechanisms for active load control. When a sudden
change in angle of attack would lead to a loss in lift, for instance, the momentum coefficient
is temporarily increased to attain a higher lift coefficient and avert the dynamic change in lift
that would otherwise result. Conversely, transient changes in the inflow that would produce an
increase in lift can be counteracted by reducing the control jet momentum. In addition to load
control applications, low momentum blowing could also be employed on wind turbines as an
aerodynamic braking system, especially on VAWTs. In contrast to horizontal axis wind turbines,
it is difficult to implement aerodynamic brakes on VAWTs; neither tip-mounted “paddles” nor
blade pitching appear to be feasible. Effective braking must be employed to prevent a “run-away”
turbine that self-destructs [31]. This need led to the development of passive low momentum fluid
ejection (air-bleed) that enforces separation and produces aerodynamic braking [32]. With the
jet momentum controllable, low momentum slot blowing on the suction surface emerges as a
potentially useful solution.

The present work focuses on two main aspects: The impact of dynamic flow speed fluctuations
on the dynamic stall mechanism and the control of unsteady aerodynamic loads by means of
adaptive blowing. Even though dynamic stall has been studied extensively before, the transient
change in the relative flow speed that characterizes most practical applications, and vertical axis
wind turbines in particular, has rarely been reproduced. Hence, the first part of this work was
aimed at gaining a better understanding of dynamic stall during synchronous variations of the
angle of attack and the flow speed. Wind tunnel experiments examining various inflow scenarios
representative of wind turbine blades were carried out on a NACA 0018 profile, a symmetric thick
airfoil typical of VAWTs. Even though horizontal axis wind turbines employ cambered airfoils
whose thickness to chord ratio depends on the spanwise position on the blades, the general trends
observed here can be expected to be somewhat representative of mid-span HAWT airfoils as well
since their thickness ratio is comparable to the airfoil studied here.

The objective of the second stage of this research project was to investigate the utility of adaptive
blowing for active aerodynamic load control. At first, the effect of steady blowing was examined
under static conditions to explore the impact of key parameters such as the momentum coefficient,
control location and Reynolds number. Subsequently, the effect of control at a constant momentum
coefficient on dynamic stall was explored. One main goal was to explore the feasibility of
counteracting unsteady aerodynamic loads at time scales typical of wind turbine blades by
dynamically adapting the control jet momentum. Two inflow scenarios representative of horizontal
axis wind turbine blades were modeled with synchronous oscillations of the wind tunnel speed
and the angle of attack. An iterative control scheme was implemented to dynamically adjust the
momentum flux of adaptive blowing in order to counteract the resulting lift excursions for both
model scenarios.

A literature review covering previous research on dynamic stall as well as various flow control
techniques that have been applied on airfoils to tackle unsteady aerodynamic loads is presented in
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section 2. The experimental strategy adopted in this work is outlined in section 3, followed by a
description of the wind tunnel facility, instrumentation and experimental procedures. The results
are grouped into four chapters, each of which logically builds upon the previous ones; this structure
also roughly reflects the chronological sequence in which this research was conducted. Section 4
contains a detailed analysis of the effect of the passive flow control slots on the development of
the boundary layer and a summary of the present findings regarding dynamic stall at constant
freestream. In the following section, the impact of high amplitude flow speed oscillations occurring
synchronously with the airfoil pitching motion is explored. This includes a discussion of the
transient variation of the reduced frequency, the distinguishing features of dynamic stall on
vertical axis wind turbine blades and the unsteady effects resulting from the dynamic flow speed
fluctuations. After the details of dynamic stall under baseline conditions have been established,
the utility of steady blowing for load control, and particularly dynamic stall control, is assessed in
section 6, which includes several quasistatic and dynamic test cases as well as detailed simultaneous
measurements of the flow field and the associated unsteady surface pressure variations. Finally,
the ability of adaptive blowing to control dynamic stall and simultaneously reduce unsteady
aerodynamic loads by adapting the aerodynamic properties of the blade is explored. Incidence
oscillations at a constant flow speed as well as harmonic freestream oscillations at fixed incidence
are considered, followed by two inflow scenarios representative of the flow on horizontal axis
wind turbine blades. After the discussion of the experimental results, the main conclusions are
summarized.
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2 Literature Review

2.1 Unsteady Airfoil Aerodynamics

2.1.1 Dynamic Stall

The term dynamic stall describes a broad category of scenarios where a lifting surface undergoes
a rapid change in incidence angle or relative flow speed or both that leads to unsteady boundary
layer separation. The large practical significance of dynamic stall stems from the fact that the
aerodynamic loads measured under dynamic conditions often significantly exceed static values
and exhibit abrupt, destructive excursions. Historically, the difficulty of accurately predicting
the aerodynamic forces acting upon the rotor blades of helicopters provided the first incentive to
investigate this phenomenon [33]. Dynamic stall plays a role in a wide variety of applications,
ranging from air vehicles and turbomachinery to wind turbines and micro air vehicles [34, 35].

This work focuses on cases where the amplitude of the oscillations is relatively large and the
maximum angle of attack is in the order of the static stall angle or higher. Under these conditions,
the unsteady effects that characterize dynamic stall manifest both in the timing and the magnitude
of the aerodynamic loads. When the angle of attack is rapidly increased, the boundary layer
temporarily stays attached above the suction surface after the static stall angle has been exceeded.
The flow field initially remains qualitatively similar to pre-stall conditions and the lift continues to
increase smoothly throughout this stage. The causes for this delay of the aerodynamic response
are discussed in detail below. The subsequent process of dynamic flow separation is characterized
by a large vortex structure [36], the so-called dynamic stall vortex (DSV), which is formed in the
leading-edge region above the suction surface. Its convection across the airfoil leads to severe and
rapid lift fluctuations and a sharp drop of the pitching moment, followed by full boundary layer
separation.

In light of the diversity of practical applications where dynamic stall occurs, as well as the multitude
of parameters influencing the sequence of events, it is hardly surprising that a comprehensive,
universally valid description of dynamic stall does not exist. What can be said without loss of
generality is that the deviations from static conditions tend to become more pronounced with
increasing degree of unsteadiness. The reduced frequency k, defined [37] as

k = πfc/U∞ (2.1)

where f is the pitching frequency and c is the airfoil chord length, provides a non-dimensional
measure of the frequency of a harmonic angle of attack oscillation. The mean angle of attack
α0 and the amplitude of the pitching motion α1 also play a crucial role in this context, as they
determine the maximum angle of attack and, in combination with f , the temporal rate of change
α̇(φ) = dα(φ)/dt at a given phase angle φ. Other relevant parameters include the Reynolds
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number Re, the freestream Mach number M∞, and the airfoil shape.

The details of the dynamic stall mechanism are relatively well established for the case of dynamic
stall under conditions representative of helicopter blades, where thin airfoils are typically employed
and the Reynolds number is relatively high. As pointed out by Carr [19], dynamic stall has already
progressed by the time that the DSV starts to affect the surface pressure distribution, and thus the
chronology of the process of dynamic stall has to include the stages well before symptoms become
apparent in the aerodynamic loads. The first observable event during the pitch-up motion is the
development of a shear layer containing only positive vorticity, which emerges at the interface
between the recirculating flow near the rear upper surface of the airfoil and the freestream. While
the reverse flow progresses upstream, the leading-edge suction peak continues to grow in strength
until the shear layer rolls up into the dynamic stall vortex [37]. This vortex enlarges before starting
to move down the airfoil, inducing strong pitching-moment fluctuations. Following the passage
of the vortex, the boundary layer above the surface is fully separated [19]. The flow remains
separated throughout a large portion of the pitch-down motion and eventually reattaches front to
rear [37].

The initial breakaway of the boundary layer that triggers the formation of the dynamic stall
vortex has often been attributed to the so-called Van Dommelen and Shen structure [38, 39]. The
strong adverse pressure gradient near the leading-edge causes fast reverse-flowing fluid particles in
the boundary layer to collide with slower moving particles further upstream [40]. A singularity
occurs when the fluid becomes compressed in the direction parallel to the boundary. As a result
of conservation of mass, fluid is ejected out of the boundary layer in the form of a detached
vorticity layer [41], initializing the formation of the dynamic stall vortex. Vorticity is continuously
generated in the leading-edge region and fed into the separating shear layer, resulting in a further
strengthening of the DSV [40]. Computational studies of model scenarios have shed some light on
details of the transient separation mechanism. Obabko and Cassel investigated a thick-core vortex
above a plane surface by numerically solving the Navier-Stokes equations [42]. Under inviscid
conditions, the vortex remained at a fixed distance from the wall. When viscous effects were
included, it was found that a recirculation region formed due to the adverse pressure gradient
induced by the vortex. The separation of the vortex from the surface was caused by an interaction
with the recirculation region. Based on a model problem involving a rotating cylinder, Degani et
al. found that unsteady separation is delayed by increasing wall speed [43].

An alternative description of the onset of dynamic stall focuses on the bursting of the laminar
separation bubble. This explanation can essentially be viewed as the unsteady counterpart of the
bubble bursting mechanism that is known to be of key importance for the stalling characteristics
of a large group of airfoils over a wide range of Reynolds numbers. Since the first detailed
description provided by von Doenhoff in 1938 [44, 45], numerous detailed investigations of laminar
separation bubbles have been carried out, but the models that have been proposed to date are
still largely empirical [46, 47]. When the adverse pressure gradient downstream of the suction
peak is sufficiently large, the laminar boundary layer fails to follow the curved airfoil surface
and separates. An instability in the separated shear layer leads to transition to turbulence
which may cause reattachment via enhanced entrainment. A short bubble can be formed if the
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Reynolds number is in the range between two critical values: On the one hand, if Re is sufficiently
low, the separated shear layer does not reattach [48]. On the other hand, laminar separation
does not occur when the Reynolds number is high enough for transition to move ahead of the
theoretical laminar separation point [49]. Generally, laminar separation bubbles occur in the
range of approximately 5·104<Re< 5·106 [48, 50]. However, the exact values vary significantly, as
the state of the boundary layer depends on several other parameters including inflow turbulence,
surface roughness, angle of attack and airfoil shape [51]. The bursting of the separation bubble
can be caused either by a reduction in Reynolds number or an increase in angle of attack. When
the maximum value of the adverse pressure gradient that can be counteracted by turbulent
entrainment is exceeded, the separated shear layer fails to reattach, leading to a breakdown of the
bubble and boundary layer separation [48].

Under dynamic pitching conditions, the bursting of the laminar separation bubble has been
identified as the dynamic stall onset mechanism mainly at low and moderate Reynolds numbers.
Chandrasekhara et al. found that bubble bursting was responsible for dynamic separation on a
NACA 0012 airfoil pitching at Reynolds numbers on the order of 5 · 105 [52–54]. Bubble bursting
was also found to initiate dynamic stall on a VR-7 airfoil operating at Re = 1 · 105 [55]. However,
based on a comparison of dynamic stall on various airfoil geometries at higher Reynolds numbers,
McCroskey et al. asserted that bubble bursting is a special case of dynamic stall onset, and that
in the case of the commonly used NACA 0012 airfoil pitching at a reduced frequency of k = 0.15
at Re = 2 · 105, the DSV was fed its initial vorticity by the abrupt separation of the turbulent
boundary layer rather than the laminar separation bubble [56]. They concluded that “in most
cases, including the leading-edge stall on the basic NACA 0012 profile, dynamic stall was found
not to originate with the bursting of a laminar separation bubble, as is commonly believed, but
with a breakdown of the turbulent boundary layer.” This view was later refuted by Currier and
Fung [57], who modeled the laminar separation bubble as a zero-vorticity line and used the MRS
separation condition [58–60] to analyze the temporal evolution of the boundary layer.

A third possible mechanism for dynamic stall onset, termed “abrupt leading-edge turbulent
separation”, was suggested by Carr et al. [61] based on observations on a NACA 0012 airfoil
at Reynolds numbers typical of helicopter flight conditions. Abrupt turbulent boundary layer
separation was observed downstream of the leading-edge separation bubble. Since the separation
was initiated by a forward movement of trailing-edge separation, this scenario has later been
referred to as “abrupt trailing-edge stall” by McCroskey et al. [62]. However, Shih et al. [40]
objected that dynamic stall could not be triggered by the arrival of reverse flowing fluid originating
from the trailing-edge, since there is insufficient time for a particle to travel the required distance
along the chord before leading-edge separation occurs. They deduced that the initiation of unsteady
separation near the leading-edge is essentially a local flow phenomenon and that trailing-edge
separation only has an indirect influence on this process through the change in global circulation.

Recently, the dramatic improvements of available experimental techniques have facilitated more
detailed investigations of the DSV formation. Mulleners and Raffel [37] used a combination
of high-speed PIV and surface pressure measurements to explore the transient development of
dynamic stall on a OA209 airfoil at Re = 9.2 · 105 (M∞ = 0.14). They divided the part of the
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cycle between the point where the static stall angle is exceeded and the separation of the dynamic
stall vortex into the “primary instability stage” and the “vortex formation stage”. During the
primary instability stage, the recirculation region grows steadily in the chord-normal direction,
which is reflected in a slow linear growth of the average chord-normal distance of the shear layer
from the airfoil’s upper surface ∆z. The initiation of the vortex formation stage is indicated by a
sharp increase in the slope of ∆z. From this point, the shear layer vortices were found to merge as
a result of a secondary instability, leading to the roll-up of the shear layer into the dynamic stall
vortex referred to as the wake mode [37, 63, 64]. The vortex formation stage is terminated by the
separation of the DSV which, according to Mulleners and Raffel [65], is caused by vortex induced
separation. A comparison of the non-dimensional delays of stall at different values of the effective
unsteadiness produced a very interesting result: While the normalized delay associated with the
vortex formation stage was approximately constant, the delay due to the primary instability stage
decreased significantly with increasing unsteadiness. This was explained with a larger generation
of vorticity in the shear layer that led to an earlier onset of the secondary shear layer instability.
As a result, the overall delay between the passage of αs and the separation of the DSV from the
airfoil surface was found to decrease with increasing effective unsteadiness of the pitching airfoil.

The details of dynamic stall such as the strength of the dynamic stall vortex, the mechanism
of its formation and the timing of its shedding as well as the magnitude of the resulting load
excursions depend on a wide variety of parameters. These include, but are not limited to, the
reduced frequency of the pitching motion, the angle of attack profile and the airfoil shape as well
as the Reynolds number and Mach number. The impact of each of these variables is outlined here
to help classify the present experiments within the existing body of knowledge on dynamic stall.

Reduced frequency

The reduced frequency k is one of the key parameters governing dynamic stall, as it quantifies the
normalized time scale of the unsteadiness, hence determining the magnitude of the deviations from
static conditions. With increasing k, unsteady effects become more pronounced. The dividing
line below which aerodynamic coefficients do not deviate appreciably from steady values has
been identified as k = 0.004 by McAlister et al. [66]. However, this value depends on the details
of the experiment, and the threshold above which dynamic effects are considered relevant may
deviate significantly from one application to the other. A detailed review of the various physical
mechanisms that produce the deviations between static and dynamic stall during the portion of
the cycle where the airfoil pitches beyond the static stall angle has been provided by Ericsson and
Reding [67]. They grouped the causes of the stall delay and the lift overshoot observed under
dynamic conditions into two main categories: The first group includes time lag and boundary
layer improvement effects, which can be represented on the basis of static aerodynamics, whereas
the second group is comprised of transient phenomena such as the movement of the separation
point and the convection of the dynamic stall vortex. The dynamic overshoot of the static stall
angle can be divided into contributions from these two categories. The quasi-steady time lag
effects, which essentially shift the static characteristics in the α(t) frame, include circulation lag,
which represents the inviscid lag of the response of the vorticity distribution in the wake to a
change in circulation, and convective flow time lag [68], which is of relatively small importance
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for leading-edge stall [67]. Boundary layer improvement effects account for the change of the
boundary layer characteristics resulting from the acceleration of the flow and the motion of the
wall. The former leads to a reduction of the adverse pressure gradient in comparison to the static
case, whereas the latter leads to a boundary layer profile that is less prone to separation. In
contrast to the aforementioned effects, which are quasi-steady in nature, the lag of the motion of
the separation point and the spillage of the leading-edge vortex are considered transient effects.

A further explanation for the delay of stall under dynamic conditions was presented by Johnson
and Ham [69], who related it to a delay in the motion of the separation bubble. They found
that the delay of the forward motion of the point of laminar separation is negligible, whereas the
movement of the turbulent reattachment point is significantly delayed, leading to an elongation of
the bubble. Furthermore, they postulated that the process of turbulent mixing downstream of
the transition point and the resulting reattachment can be seen as independent of the dynamics
of the external flow. As a consequence, they found that the cause of the dynamic stall delay is
related to the delay of transition.

It is interesting to note that even though increased unsteadiness leads to an increase in the delay
of stall onset, Currier and Fung found that the time delay between the passage of the static stall
angle and the onset of separation actually decreases with k when it is normalized with respect
to the reduced frequency. Hence, in a non-dimensional sense, the unsteadiness speeds up the
separation process rather than delaying it [57]. This is consistent with the observation of Mulleners
and Raffel that the delay attributed to the primary instability stage decreased with increasing
unsteadiness [37].

Angle of attack profile

In light of the fact that the occurrence and, in the case of thick airfoils, the chordwise extent of
boundary layer separation are determined by the angle of attack α, it is obvious that the angle
of attack profile has a profound influence on dynamic stall as well. For a given airfoil geometry,
the degree of separation is primarily dependent on the maximum angle of attack [70]. The
majority of documented experimental tests has focused on sinusoidal pitching, which is commonly
specified by the mean value α0 and the amplitude α1, such that α(φ) = α0 + α1 sin(φ). A broad
classification of dynamic stall cases has been proposed by McCroskey et al. [62], who distinguished
between four scenarios: No stall, stall onset, light stall and deep stall. These categories were
originally illustrated with experiments examining an airfoil undergoing harmonic angle of attack
oscillations of a constant amplitude. When the mean angle of attack was increased, the extent
of boundary layer separation and the deviations from static conditions increased. Even though
this classification scheme has since been adopted frequently by other authors, there appears to be
some inconsistency regarding the differentiation between “light” and “deep” dynamic stall. In
1980, McCroskey et al. stated that “under the less severe conditions that are more common in
helicopter applications, the vortex-shedding phenomenon is less well defined. The origin, strength,
and transient development of the vortex, and even the qualitative behavior of the airloads, appear
to depend on all of the parameters of the unsteady motion ... this is referred to as ‘light dynamic
stall’.” [62] In contrast, deep dynamic stall was defined as the case of a fully-developed dynamic
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stall vortex. However, in a later publication, McCroskey described light stall as a situation where
trailing-edge separation occurs and the viscous layer is in the order of the airfoil thickness, whereas
deep stall is characterized by the dynamic stall vortex [71] and a viscous layer commensurate with
the airfoil chord. In light of the conflicting definitions, there appears to be a range of scenarios
that could be classified as either “light” or “deep” dynamic stall depending on which definition
is used. In any case, a categorization based on the angle of attack profile alone only provides a
general description, and any comparison between experimental results obtained under different
conditions should be made very cautiously.

In the foregoing discussion, the reduced frequency and angle of attack range have been treated
as separate parameters. This approach is reasonable since the former is a physical quantity
related to the temporal rate of change whereas the latter describes the geometry of the airfoil
motion. Accordingly, these parameters are commonly used to describe the conditions under which
experiments were conducted. However, upon closer examination, it becomes clear that a different
set of parameters provides a far more meaningful description of the sequence of events during
dynamic stall. In 1980, McCroskey et al. [62] noted in a work examining dynamic stall on various
airfoil profiles that ”further increases in α0, (or in k at the same values of α0, and α1) produce
additional increases in the vortex strength and in the peak values of the airloads.” This statement
is remarkable in that it attributes comparable changes in the qualitative features of dynamic stall
to variations of different physical parameters. In the same work, they presented the concept of
the so-called matched pitch rate: When the product α1k

2 is matched for different combinations
of the reduced frequency and pitching amplitude while keeping the maximum angle of attack
αmax = α0 + α1 constant, the time profiles of α(t) are virtually identical for α ≥ αs. Under these
matched conditions, the lift and moment data were almost indistinguishable throughout most
of the stall events. This observation suggests that the temporal evolution of dynamic stall and
the details of the DSV are essentially determined by the flow conditions from the point where
the static stall angle is exceeded until boundary layer reattachment. This finding is of great
significance for the prediction of unsteady aerodynamic loads, as it allows for extending available
experimental results to test cases involving different values of α0, α1 and k. To the author’s best
knowledge, the matched pitch rate concept has only been validated at constant flow speeds to
date. One of the objectives of the present work is to explore its validity during synchronous high
amplitude fluctuations of the angle of attack and the flow speed. In most practical applications
where dynamic stall is observed, the variation of α is accompanied by a simultaneous change
in U∞. Hence, the validity of this extended law of similarity, termed “matched inflow” here,
would significantly extend the possibilities of accurately predicting load excursions in cases where
dynamic stall is the result of a simultaneous variation of angle of attack and relative flow speed.

The excellent agreement between different data sets where the flow conditions were adapted based
on the matched pitch rate concept suggests that an alternative set of parameters may allow for a
better comparison of different experiments than the common description based on the reduced
frequency and the angle of attack profile. Mulleners and Raffel suggested to combine α0, α1 and
k into one single representative parameter for sinusoidal oscillations: The instantaneous effective
unsteadiness α̇s, which is defined as the rate of change of the angle of attack when the static stall
angle is exceeded. The normalized effective unsteadiness is α̇sc/U∞ [37]. This approach, which is
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consistent with the findings of McCroskey et al., appears promising because it may also improve
the comparability of tests conducted with different airfoils for which αs is not identical. It appears
that the margin by which the static stall angle is exceeded (αmax − αs) should also be taken into
account; the effect of this parameter is roughly equivalent to the common categorization into mild
and deep dynamic stall.

Airfoil shape

It is well established that the shape of an airfoil plays a crucial role with regard to the mechanism
of flow separation. In 1951, McCullough and Gault proposed the classification of the stalling
behavior of different airfoils into three broad categories [51]: Thin airfoil stall, leading-edge stall
and trailing-edge stall. Thin airfoil stall involves the presence of a separation bubble that covers a
significant extent of the airfoil chord. This scenario is not common on wind turbine blades, and is
therefore beyond the scope of this work. In the case of leading edge stall stall, the leading-edge
suction peak suddenly collapses, producing sharp loss in lift, an abrupt increase in pressure drag
and a drop in pitching moment. In contrast, trailing-edge stall is characterized by a smooth onset
of stall initiated by turbulent boundary layer separation originating in the trailing-edge region.
The commencement of trailing-edge stall is accompanied by a reduction of the lift slope. With
increasing angle of attack, the separation location gradually propagates forward.

The thickness is generally a good indicator of the characteristics of a particular airfoil geometry.
According to McCollough and Gault, symmetric airfoils with moderate thickness ratios in the
range of approximately 0.09 < t/c < 0.15 typically exhibit leading-edge stall, whereas airfoils with
a greater thickness commonly stall from the trailing-edge. This general rule was confirmed for
two symmetric 4 digit NACA airfoil profiles by Greenblatt and Wygnanski [30]. In experiments
conducted mainly at relatively low Reynolds numbers in the order of Re = 2 · 105, they found
that a NACA 0012 airfoil exhibited leading-edge stall initiated by the bursting of the laminar
separation bubble whereas the NACA 0015 profile showed relatively gentle trailing-edge stall.
The leading-edge radius was found to be of central importance in this context since it determines
the centrifugal acceleration of the flow as it passes the leading-edge. Clearly, the NACA 0018
airfoil considered in the present study also falls into the category of trailing-edge stall. Even
though the shape of an airfoil is a good indicator of its stalling behavior, it should be noted that
other parameters play a role as well. For instance, a change in Reynolds number can change the
stalling behavior from one type to the other [51]. The impact of Re and airfoil geometry are in
fact somewhat related: Jacobs and Sherman found that if the leading-edge radius is reduced,
the local Reynolds number based on the boundary layer thickness Rδ decreases [72]. A higher
freestream Reynolds number was therefore required to reach the critical value of Rδ to avoid
laminar separation. Furthermore, changes in inflow turbulence intensity or surface roughness may
also lead to a different stalling behavior.

McCroskey et al. experimentally compared the dynamic stalling characteristics of eight different
profiles, most of which were common helicopter rotor airfoils [62]. Under light dynamic stall
conditions, the differences arising from the airfoil shape were qualitatively similar to those under
static conditions. The nature of the initial boundary layer separation was found to have a strong
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influence on the vortex development. In some cases, a transition from trailing-edge stall to abrupt
leading-edge stall was observed as the reduced frequency was increased. In addition to leading-edge
stall initiated by bubble bursting and trailing-edge stall, a third case representing a combination
of both was observed at M∞ ≥ 0.25. At relatively high reduced frequencies and large amplitudes,
the flow field was dominated by the vortex shedding and the qualitative results were found to
be relatively independent of the airfoil shape [73]. The sequence of boundary layer reattachment
was independent of the blade geometry; it started at the leading edge and progressed towards the
trailing-edge in all cases.

Reynolds number

Compared to the significant impact of the Reynolds number on the static stalling behavior of
airfoils, its influence on dynamic stall appears to be relatively small. This is especially true for
deep dynamic stall, whereas under light dynamic stall conditions the impact of Re is somewhat
more pronounced [71]. Systematic studies of the Reynolds number dependence under rotorcraft
conditions are scarce, as the variation of Re overlaps with a change in M∞, and it is difficult to
separate the parameters [19]. In practice, maintaining constant M∞ while changing Re would
necessitate either the construction of several airfoil models of the same shape but different sizes
or a comparison of results from different experimental facilities, the latter of which may raise
issues regarding the comparability. Bousman investigated the Reynolds number dependence of
dynamic stall by comparing data from water tunnel and wind tunnel tests on a VR-7 airfoil [74].
Despite the large discrepancy in Re, which was in the order of 1 · 105 and 1 · 106 respectively, the
maximum lift coefficient and the minimum moment coefficient agreed very well, indicating that
the dynamic stall vortex was relatively insensitive to the Reynolds number.

Shih et al. have argued that the commencement of dynamic stall can be regarded as virtually
inviscid and independent of the Reynolds number [40], as dynamic boundary layer separation is
initiated by the adverse pressure gradient and later governed by inertial effects according to the
dynamic stall mechanism proposed by van Dommelen and Shen. They suggested that even though
the stronger viscous diffusion at lower Reynolds numbers affects the timing and length scales of the
separating vortex structure, the intrinsic behavior of the dynamic stall mechanism is not altered.
Based on these considerations, they concluded that experiments at Reynolds numbers as low as
5, 000 < Re < 25, 000 can provide meaningful information for flows at much higher Reynolds
numbers. Even though it is somewhat problematic to draw conclusions for helicopter and wind
turbine applications from experiments conducted at such low Reynolds numbers, it is reasonable
to assume that the qualitative impact of Re on the dynamic stall mechanism is relatively small
when Re > 2 · 105, which can be regarded as the threshold for conventional airfoil performance
under static conditions [75]. Nevertheless, the Reynolds number can have a significant impact on
the angle of attack at which dynamic stall occurs.

Mach number

While the Reynolds number and reduced frequency characterizing dynamic stall are comparable
on helicopter blades and on large scale commercial wind turbines, there is a significant Mach
number disparity. Wind turbine blades operate at low subsonic Mach numbers, and the effect of
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compressibility is generally limited to relatively small quantitative differences caused by density
variations. In contrast, in the case of helicopter blades, the flow can become locally supersonic,
resulting in a fundamentally different mechanism of dynamic stall onset [35]. Unfortunately, this
discrepancy makes it very difficult, and sometimes impossible, to extend the vast amount of
knowledge regarding dynamic stall on helicopter rotors accumulated over the past decades to the
less extensively studied problem of wind turbine rotors.

Supersonic flow can locally occur on airfoils at freestream Mach numbers below 0.3 [19]. In a
certain range of conditions, the bursting of the leading-edge laminar separation bubble and shock
induced separation are the competing stall onset mechanisms [76]. Ekaterinaris et al. studied
the qualitative effect of the Mach number using flow visualization by means of point diffraction
interferometry [35]. They found that at M∞ = 0.3, dynamic stall was induced by bubble bursting,
whereas at M∞ = 0.45 the mechanism changed to shock-induced separation characterized by
local supersonic flow. This finding agrees with the typical values of 0.3 ≤M∞ ≤ 0.4 found in the
literature above which the stall onset mechanism is governed by the occurrence of shocks [77, 78].
With increasing Mach number, the angle of attack at which the dynamic stall vortex appears is
reduced [35, 78, 79] while the trajectory of the DSV is virtually unaffected as long as M∞ < 0.25
[79]. From the preceding information, it is clear that the Mach number does not play a critical
role for the onset mechanism of dynamic stall on wind turbine rotor blades, where M∞ < 0.2
under typical operating conditions.

2.1.2 Unsteady Flow Speed Variation

According to linearized thin airfoil theory, the pressure forces acting upon an airfoil operating at
low incidence are proportional to the angle of attack and the square of the relative flow speed.
Dynamic changes of either parameter produce a transient variation of the circulation, leading
to the shedding of free vorticity into the wake [71]. The time-dependent vortical wake affects
the pressure distribution around the airfoil, causing unsteady deviations from static conditions.
Theodorsen laid the theoretical basis for descriptions of a two-dimensional thin airfoil oscillating
in angle of attack and undergoing an oscillatory plunge motion by deriving an exact analytical
solution based on potential flow and the Kutta condition [80]. Based on Theodorsen’s work,
Isaacs derived solutions for an airfoil at a fixed angle of attack undergoing periodic variations
of the freestream for two scenarios: A realistic one where the airfoil is assumed to initially have
started from rest and a periodic case [81]. Shortly thereafter, he presented results for the lift
and moment of an airfoil undergoing simultaneous variations in angle of attack and freestream
velocity, which were expressed in the form of complete Fourier series [82]. Based on the results of
Theodorsen and Isaacs, Greenberg derived a more general solution for harmonic oscillations in
both angle of attack and flow speed by approximating the shape of the wake vorticity distribution
[83]. The aforementioned theoretical descriptions were compared and extended by Van der Wall
and Leishman [84], who found that in the range of reduced frequencies typical of helicopters,
the theories all provided similar results [85]. Despite their practical significance, the theoretical
descriptions of the unsteady effects have hardly been validated experimentally to date [86]. One
exception is the recent work of Granlund et al., who investigated a NACA 0009 airfoil during
harmonic variations of the freestream [87]. Experimental results attained in the framework of the
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present experiments have also been compared to the existing theory by Strangfeld et al. [88], who
extended the work by Van der Wall to enable the calculation of the unsteady bound vorticity
sheet along the wing chord.

In contrast to the vast amount of previous research of dynamic stall resulting from a pitching
motion at constant flow speed, very few experimental studies have addressed the problem of an
airfoil at a fixed angle of attack undergoing periodic flow speed oscillations or the simultaneous
variation of both α and U∞ [35]. However, in most practical applications such as helicopter
blades during forward flight and wind turbine rotor blades, the change in angle of attack is
generally accompanied by a simultaneous dynamic change in flow speed, and neglecting the latter
is a significant simplification. The scarcity of experimental data is primarily the result of the
difficulty of producing flow speed oscillations of a sufficiently high amplitude. The two main
approaches that have successfully been adopted to generate velocity oscillations are to either vary
the cross-sectional area of the tunnel exit [89, 90] or to periodically move the airfoil model in the
direction of the freestream [91, 92].

Vortex shedding phenomena very similar to the case of dynamically pitching wings have been
reported for airfoils undergoing periodic wind speed oscillations at constant incidence. Maresca et
al. investigated the impact of high amplitude fluctuations of the flow velocity at the I.M.F.M open
circuit wind tunnel [91], where a moving frame was employed to produce a translational motion of
a NACA 0012 airfoil model in the direction of the freestream. When the reduced frequency was
below k = 0.23, no significant unsteady effects were observed and the results agreed well with
quasistatic data. At higher values of k and incidences above the static stall angle, a significant
increase in time-mean lift was observed and attributed to a phenomenon “like resonance” between
the motion of the wing and the vortex shedding, which was assumed to be similar to an ideal
wake pattern such as a von Kármán vortex street. A vortex shedding phenomenon comparable
to the case of a pitching wing documented by McCroskey [93] occurred during the deceleration
phase. During the portion of the cycle where the flow was accelerated, a brief reattachment of
the boundary layer progressing from the leading-edge was observed at an angle of attack as high
as 20◦. Shih and Ho [90] investigated a NACA 0012 airfoil undergoing harmonic variations of
the freestream at a mean Reynolds number of 2 · 104 in a water tunnel facility. Based on the
framework of vorticity balance originally suggested by Reynolds and Carr [94], they found that
the surface vorticity flux resulting from the transient change of the surface pressure dominates
the dynamics as long as the flow remains attached. A separation vortex was observed to form
near the leading-edge during the deceleration period, whose convection into the wake marked the
beginning of a stalling process that closely resembled the case of a pitching wing. Starting with
the acceleration of the flow, reattachment progressed downstream from the leading-edge until
the boundary layer was fully attached. Gursul and Ho explored the feasibility of obtaining mean
lift coefficients far larger than the static value during high-amplitude freestream oscillations [95].
They found that the optimum reduced frequency for high lift can be determined by matching
the wavelength of the periodically shed vortices and the chord length of the airfoil, yielding an
optimum value of k ≈ 1. When this condition was satisfied, a strong vortex remained above the
suction surface during a large portion of the cycle, producing significantly elevated lift. During
experiments conducted in a water tunnel facility on a two-dimensional NACA 0012 airfoil at
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fixed incidence, phase averaged lift coefficients above 10 were attained at a reduced frequency of
k = 0.7. These remarkable observations show that dynamic variations of the freestream can lead
to strong unsteady effects. However, under the conditions considered by Maresca et al. [91] and
Gursul and Ho [95], their occurrence was limited to reduced frequencies of the oscillation that
were significantly larger than typical values for rotorcraft and wind turbine applications, while in
the case of the measurements of Shih and Ho [90], the Reynolds number was relatively small. It is
unlikely that unsteady features of a similar strength would be observed on wind turbine rotor
blades as the sole result of flow speed changes.

One of the first experimental studies of the impact of flow speed perturbations on dynamic stall
resulting from an oscillatory pitching motion was carried out by Pierce et al. in 1976 [36, 96]. A
significant net effect on the aerodynamic loads was observed on a NACA 0012 airfoil at Re ≈ 2 ·105,
but the results are somewhat difficult to interpret, as no fixed phase relationship was established
between the angle of attack oscillation and the flow speed variation. Favier et al. investigated the
impact of pure angle of attack oscillations and pure flow speed variations as well as synchronous
oscillations of both on a NACA 0012 airfoil using an oscillating frame system [92, 97]. At moderate
values of the amplitude of flow speed oscillations λ and the reduced frequency, the dynamic
pressure governed the unsteady load variations during in-phase variations of α and U∞, whereas
during out-of-phase variations the incidence variation was the dominant factor.

2.2 Control of Unsteady Aerodynamic Loads

The following discussion of flow control strategies is grouped into two main categories: Methods
of active aerodynamic load control on wind turbine blades and dynamic stall control. The latter
could simply be viewed as a subcategory of load control techniques, as dynamic stall is one of
several mechanisms that produce unsteady load excursions on wind turbine blades. However, there
are fundamental qualitative differences that distinguish dynamic stall control methods from the
majority of the other concepts proposed for fatigue load reduction. Apart from some exceptions,
these differences manifest both in the location of actuation (trailing-edge versus leading-edge
region) and the mechanism by which the flow is controlled (i.e. changing the effective camber
versus boundary layer control). Throughout this work, the term “load control technique” refers to
a method that is aimed at actively altering the aerodynamic properties of an airfoil, particularly
the lift coefficient, with the purpose of counteracting unsteady aerodynamic loads, irrespective of
whether the boundary layer is attached or (partially) separated. Significant changes in lift can
be achieved with relatively small modifications of the airfoil geometry in the trailing-edge region,
particularly when the flow is attached, and hence many actuators used for active load control are
positioned here. Dynamic stall, however, originates from flow reversal in the leading-edge region,
and there are strong arguments supporting the assumption that the most effective approach for
its control is to manipulate the vortex formation stage [40]. Accordingly, virtually all dynamic
stall control methods that have been shown to produce a significant positive effect rely on changes
near the leading-edge.

The classification of control concepts adopted here is by no means universally valid or exclusive.
For instance, actuators located near the leading-edge can also be utilized to control lift fluctuations.
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This is the case for the adaptive blowing technique proposed in this work, which combines dynamic
stall control with the capability of dynamically adjusting the lift coefficient, thus representing a
combination of both groups of control concepts. The same is true for deployable vortex generators,
discussed below, which have been shown to mitigate dynamic stall and can also potentially be used
to either suppress or induce boundary layer separation. The categorization of control techniques
serves the purpose of logically distinguishing between the two main control objectives relevant in
the present context, and inevitably involves some degree of generalization. After the review of the
various techniques that have been used for dynamic stall control and active aerodynamic load
control to date, boundary layer control by means of slot blowing is discussed in detail to provide a
framework for the discussion of the control method presented in this work.

2.2.1 Load Control Techniques for Wind Turbine Blades

Flow control applied on wind turbine rotor blades is generally aimed at achieving three main
objectives: Limiting the torque experienced by the drive train, minimizing fatigue loads and
maximizing the overall energy production [8]. This review focuses on devices that are mainly
intended to tackle fatigue loads, even though they may also be utile for torque limitation or
maximized energy capture to some extent. After a brief discussion of control techniques that are
currently in use, innovative concepts aimed at locally adapting the aerodynamic properties of the
turbine blades are reviewed. Passive concepts such as bend-twist coupling, which can also produce
fatigue load reductions (see for example [98]), are beyond the scope of this work and are therefore
not discussed here.

Contemporary wind turbines commonly employ pitch control to regulate power and control loads.
The primary objective is to limit the structural loads at above-rated wind speeds, which can
be achieved by either reducing the angle of attack (pitch to feather) or increasing it to induce
separation (pitch to stall) [99]. The blade loads can be further reduced by adjusting the pitch
angle of each blade individually. However, this comes at the cost of increased demand for fast and
high-amplitude pitch actions that intensify the wear of the pitch bearings [9, 100]. As the tendency
to increase the size of wind turbine rotors continues, pitch control mechanisms are approaching
their limits. The large moment of inertia restricts the attainable pitch rate, making it difficult to
effectively counteract turbulence and random gusts [11]. Furthermore, the assumption of constant
inflow conditions along the entire span of the blades becomes problematic as the size of the rotor
relative to that of typical turbulent eddies increases.

Vortex generators (VGs) are passive flow control devices frequently employed on wind turbine
rotor blades to counteract flow separation. Even though they are primarily aimed at improving
turbine performance, they can also mitigate dynamic stall and thereby reduce unsteady loads to
some extent. VGs can either be included in the design or installed retroactively to tackle problems
resulting from stall on existing blades [101]. There is a wide variety of different geometries, all of
which generate streamwise vortices above the suction surface with the objective of transferring high
momentum fluid from the freestream to the slower moving boundary layer [102]. By energizing
the decelerated fluid, VGs help overcome the strong adverse pressure gradient experienced at
high angles of attack [103, 104]. One of the drawbacks of VGs is the inevitable increase in drag
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[105], which has recently motivated research into smaller designs referred to as sub boundary layer
VGs [106, 107]. However, their use is limited to applications where the location of separation is
relatively fixed [108], which is not the case on wind turbine blades.

As the continued trend to increase the size of wind turbines provides a strong impetus to
minimize the weight of the rotor blades, active flow control techniques capable of counteracting
load excursions by locally adapting the aerodynamic characteristics of the blades are receiving
increasing attention. Excellent reviews of the various control approaches and the multidisciplinary
aspects of in their implementation have been provided by Barlas and van Kuik [1, 12] and by
Johnson et al. [109]. Even though significant progress has been made in this field, each technique
still has some deficits that need to be overcome to reach a technology readiness level sufficient for
the implementation into a full-scale turbine [110].

The success of trailing-edge flaps in the aircraft industry makes them an especially promising
candidate for load control on wind turbines. They offer a comparatively large control authority
using small surface deflections and require far less energy input for actuation than pitch control
[1]. A numerical comparison of individual pitch control and individual flap control on the 5MW
NREL wind turbine model indicated that individual flap control offers a better performance at
mitigating high frequency loads while also reducing the usage of the pitch mechanism [111, 112].
On the downside, trailing-edge flaps add a considerable amount of weight to the blades and
require complex linkage systems [109]. In addition, flow separation above the low pressure surface
occurring at high deflection angles leads to additional drag [17]. Flaps are also required to operate
at high angles of attack, where trailing-edge separation is present, and this may impair their
effectiveness. Even though the implementation of rigid flaps in the turbine blade structure is
relatively straight-forward, spanwise bending can cause damage to conventional hinge based rigid
flap systems [113].

Some of the drawbacks of rigid flaps can be reduced with flexible trailing-edge geometries and hence
this concept is currently receiving increased attention [12, 17]. The main aerodynamic advantage
of adaptive trailing-edge geometries, compared to conventional flaps, lies in their superior lift
to drag ratio [13, 17]. While relatively small flap chord to section ratios (in the order of 5%
chord) generally require lower flap hinge moments for actuation and can be actuated at higher
frequencies due to their lower moment of inertia, larger geometries provide more control authority
[13]. Wind tunnel experiments using feedback control on an airfoil model equipped with a flexible
trailing-edge geometry and strain sensors indicated a considerable load reduction potential [10],
and comparable results have been obtained with aeroservoelastic computations [16].

An alternative strategy for changing the airfoil geometry in the trailing-edge region is to employ
small movable control surfaces oriented perpendicular to the chord, which are referred to as
microtabs. By changing the local flow field (Kutta condition), the effective camber can be
increased or decreased with tab deployment on the pressure surface or suction surface respectively
[1]. At small and moderate angles of attack, changes in lift coefficient in the order of ∆cl ≈ 0.5 are
attainable [1, 114]. However, with increasing incidence, flow separation above the suction surface
significantly reduces the potential for lift reduction [115]. Based on thin airfoil theory, Liu and
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Montefort predicted that the lift and pitching moment coefficients are proportional to the square
root of the normalized device height [116]. Significant reductions in drag can be accomplished with
geometric modifications of the tab geometry [117]. Even though the best aerodynamic efficiency is
achieved when the microtab is placed directly at the trailing-edge [118], it is usually implemented
somewhat further upstream for practical reasons. While microtabs can be considered a promising
solution for active load control on wind turbine blades because of their relative simplicity, low
power consumption fast employment [11], their main disadvantage lies in the loss of control
authority at high angles of attack.

2.2.2 Dynamic Stall Control

A wide range of control approaches have been investigated to reduce the detrimental effects of
dynamic stall. Most of these efforts were targeted primarily at the application on helicopter blades,
where the vibrations resulting from dynamic stall limit the flight speed and maneuverability.
Commonly, the main goal of control is to reduce unsteady fluctuations of the aerodynamic loads
(particularly pitching moment and lift) while avoiding loss of time-mean lift; this is generally
true not only for rotorcraft applications but also for wind turbines. One possible approach to
tackle the problem is to use active control devices such as trailing-edge flaps [119–121] to alleviate
the vibratory loads. This approach is aimed at reducing the detrimental effects of dynamic stall
rather than trying to prevent it altogether. In contrast, the present work focuses on control
methods that attempt to address the cause of the problem by directly manipulating or completely
eliminating the dynamic stall vortex. As Shih et al. pointed out [40], the DSV is more accessible
to manipulation during its formation; once it has separated from the surface, it is very difficult to
control. Consequently, control approaches aimed at suppressing dynamic stall are applied almost
exclusively in the leading-edge region where the DSV is formed in order to maximize control
effectiveness [122, 123].

Geometric modifications in the leading-edge region including droop nose mechanisms [124, 125],
deforming airfoils [126] and leading-edge slats [127, 128] have been considered. Recently, vortex
generators (VGs), have been investigated as a potential dynamic stall control solution. Martin et
al. [129] found that a combination of counter-rotating vane type VGs and a modification of the
leading-edge geometry (both passive) was effective at controlling light stall at Mach numbers up
to M∞=0.3. Circular and wedge-shaped leading-edge vortex generators, also termed “disturbance
generators”, have been shown to significantly reduce the drop in pitching moment and the loss in
lift associated with dynamic stall [123, 130]. Deployable vortex generators protruding from the
leading-edge, which can be retracted into the blade to reduce drag penalties, have recently been
proposed [131]. By adjusting the time during which the VGs were employed, various compromises
between limiting the maximum negative pitching moment and avoiding loss in lift were reached.

A variety of active control approaches based on the (continuous or periodic) removal or addition of
momentum to the boundary layer close to the location where the dynamic stall vortex is formed has
been investigated. Leading-edge suction on a NACA 0012 airfoil has been tested at comparatively
low Reynolds numbers at the Illinois Institute of Technology [33, 132]. The removal of near-wall
reverse flowing fluid was aimed at preventing the shear layer lift-up that would otherwise lead
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to the formation of the DSV. Within a limited range of pitch rates and Reynolds numbers, a
complete suppression of dynamic stall was achieved. Zero mass-flux excitation, which relies on the
Kelvin-Helmholtz instability to amplify periodic perturbations generated within the boundary
layer, has been shown to effectively suppress the dynamic stall vortex formation [133, 134]. Plasma
actuators have also been demonstrated to have a positive effect under dynamic stall conditions,
improving the lift hysteresis and reducing the negative pitching moment [135, 136]. Experiments
conducted on a VAWT turbine model have shown that control with plasma actuators located
at the leading-edges of the turbine blades can produce a net turbine performance increase. PIV
measurements revealed that control reduced the strength of the dynamic stall vortex and delayed
its shedding [137, 138].

Previous research aimed at controlling dynamic stall by means of constant blowing has also
produced positive results. McCloud et al. found that blowing from a slot near the leading-edge
(x/c=8.5%) was capable of delaying retreating-blade stall [139]. Cyclic blowing reduced the overall
mass flow rate required for control while keeping the lift coefficient within the same boundaries
as with continuous blowing. More recently, Weaver et al. used steady blowing from a control
slot located at quarter-chord to control dynamic stall on a VR-7 airfoil [55, 140]. With high
momentum blowing, the bursting of the separation bubble was inhibited, leading to a reduction in
lift hysteresis and a decrease in unsteady load fluctuations. Sun and Sheikh investigated dynamic
stall control with tangential blowing on a NACA 0012 airfoil by numerically solving the Reynolds
averaged Navier-Stokes equations [141]. Their results indicated that control near the leading-edge
is more effective than control further downstream. Steady blowing with Cµ = 9% at a chordwise
location of x/c = 0.006 was predicted to almost completely eliminate the dynamic stall vortex.

Due to the scarcity of experimental facilities capable of producing high amplitude perturbations of
the wind tunnel speed, experimental studies aimed at actively controlling the flow at an unsteady
freestream are very rare. On exception is the work of Shih et al., who found that the size of the
separation zone could be reduced using a flap located at 15% chord, which was oscillating at the
same frequency as the freestream [142].

2.2.3 Slot Blowing

Steady Blowing

Steady blowing from control slots located on the suction surface of airfoils has been studied since
the early 1920s and was found to be capable of producing significant lift enhancement [143–145].
When the jet momentum exceeds a critical value, the boundary layer becomes more resistant to
separation. This is the classical application of constant blowing, where the high momentum fluid
ejected into the boundary layer counteracts the flow reversal that would otherwise result from the
adverse pressure gradient [146]. With steady blowing at a very high jet momentum, the further
increase in lift is the result of circulation enhancement, which is less energy efficient than separation
control. The introduction of gas turbine engines on fighter aircraft in the 1950s provided an easily
accessible supply of compressed air, giving new impetus to the practical application of constant
blowing [147]. The application at the shoulder of deflected flaps for the purpose of increasing lift,
typically for landing, was investigated extensively and reached the stage of serial-production on
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several aircraft [148, 149].

In contrast to the application of steady blowing for lift augmentation, the possibility of reducing
lift has received very little attention. When a low momentum wall jet is introduced into an
attached boundary layer subjected to an adverse pressure gradient, separation can be precipitated.
This destabilizing effect is expected when the jet velocity Uj is below the local boundary layer
edge velocity [150]. When the control slot is located at or near the leading-edge, a low momentum
wall-jet can induce full separation above the suction surface, causing a dramatic loss in lift [29, 30].
The precise mechanism has never been studied in detail to the author’s knowledge, presumably
because the resulting loss of lift is not desired in most practical applications. It can be surmised
that the lowering of the momentum in the boundary layer, combined with the adverse pressure
gradient, brings about flow reversal near the wall immediately downstream of the slot. This effect
could be exploited when the goal is to temporarily reduce the lift of wind turbine blades to reduce
unsteady load fluctuations.

The effect of high-momentum steady blowing has been shown to scale with the momentum input
rather than the mass flow rate of the fluid that is added, see for example Poisson-Quinton and
Lepage [27]. For a two-dimensional airfoil, the momentum coefficient is defined as

Cµ =
ρjhU

2
j

1
2ρ∞cU

2
∞
, (2.2)

where h is the control slot height, ρj is the density of the fluid ejected from the slot and ρ∞ is
the density of the free-stream [151]. The rationale behind using the momentum coefficient can
be understood, with some degree of simplification, by considering the related scenario of a free
jet. Newman [152] argued that as long as the pressure throughout a turbulent jet is equal to p∞
everywhere, its momentum remains constant downstream. He concluded that in this scenario,
“the flow at a certain distance x far downstream, which originated from a slot of width h and a
core velocity U , could equally well have been produced by a larger slot of width h′ with a smaller
core velocity U ′ situated somewhat further downstream.” According to Newman, this “appears
to be roughly true for more complicated cases of a jet blowing over a surface in the presence of
a streaming flow.” Hence, within certain limits, Cµ can be expected to accurately represent the
effect of control irrespective of the details of the slot height and control jet speed.

Even though the momentum coefficient has been widely used to quantify the effect of slot blowing,
it should be noted that strictly speaking, its applicability is limited to cases where the jet velocity
significantly exceeds that of the ambient fluid. In cases where low momentum blowing is employed
to destabilize the boundary layer in order to induce stall and temporarily reduce lift, Uj is typically
below the local boundary layer edge velocity Ue. In this situation, Cµ may not be the ideal scaling
parameter for measurements taken at different ratios of the slot height and chord length. For
instance, increasing h while maintaining a given value of Cµ would yield a lower jet velocity and
a larger mass flux from the slot, both of which appear likely to destabilize the boundary layer
to a larger extent. Kelly [150] investigated the limitations of using the momentum coefficient
and found that it is a dependable measure of the effect of control for high duct pressures (i.e.
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high-momentum blowing). When the jet speed is in the order of Ue, the boundary layer control
parameter

CBLC = Cµ(1− Ue
Uj

) , (2.3)

which takes into account the mass flux from the slot and the local boundary layer edge velocity,
gave a better agreement between data recorded with different slot dimensions. Nevertheless, since
Cµ is more commonly used, it is retained throughout this work for consistency.

Adaptive Blowing

To the author’s best knowledge, adaptive blowing has not previously been attempted as a means
of unsteady load control on wind turbine blades. However, previous research examining oscillatory
slot blowing has shed light on some of the basic mechanisms relevant for the present problem.
Ghee and Leishman investigated the impact of periodic blowing on a circulation control (CC)
cylinder [153]. The phase lag between the control jet and the lift response were observed to
increase with increasing reduced frequency. This is consistent with the observations of Zandieh
and Leishman [154], who measured a lag 4◦ at a reduced frequency of 0.084. When k was increased
to 0.5, the phase lag of the lift response was as large as 80◦. In both cases, unsteady blowing
on the CC cylinder produced significantly larger lift augmentation ratios than those observed at
corresponding static values. Sun and Sheihk, who simulated the effect of blowing on a NACA
0012 airfoil by numerically solving the Reynolds averaged Navier Stokes equations, also found
that the control efficiency was increased when the momentum coefficient was sinusoidally varied
in phase with the airfoil pitching motion [141].

In the present case, however, the potential gain in control efficiency resulting from the oscillation
of the jet momentum cannot be exploited, since this would inevitably entail lift fluctuations.
Furthermore, it should be noted that the control strategy adopted here is fundamentally different
conceptually from attempts to improve the control efficiency of steady blowing by superimposing
zero mass flux excitation [151]. The latter is a control strategy based on exciting the Kelvin-
Helmholtz instability mechanism, and achieves optimal control efficiency with harmonic excitation
at reduced frequencies in the order of F+ = fc/U∞ = 1 [151, 155]. In contrast, in the case of
adaptive blowing, the temporal variation of the control jet is intended to balance variations of the
inflow conditions. Even though Cµ is adapted at time scales that are too short to simply assume
a quasistatic variation of steady blowing, the control mechanism is essentially based on the same
aerodynamic effect. The disparity in time scales between adaptive blowing and zero mass flux
excitation can be appreciated from the fact that in the test cases considered in this work, the
reduced pitching frequency is in the order of k = 0.1. This is equivalent to F+ ≈ 0.03, which is
more than an order of magnitude lower than the frequency range most effective for separation
control via zero mass-flux excitation. Furthermore, with adaptive blowing, the temporal variation
of Cµ is not necessarily periodic in nature, but rather reflects the variation of the inflow that is
intended to be compensated for, which can be either periodic, random or a combination of both.
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The present experimental study mainly relies on unsteady surface pressure measurements close to
the center-span of a symmetric, constant chord airfoil model. Measuring the transient development
of the pressure distribution is ideally suited for experimental studies of dynamic stall: The time
resolved information can not only be used to calculate the instantaneous aerodynamic forces, it
also provides valuable information on the flow state at a given time. Numerous previous studies
have shown that the locations of the laminar separation bubble [47, 156] and turbulent boundary
layer separation as well as the formation and convection of the dynamic stall vortex [65] can be
reliably detected from corresponding characteristic features of the pressure distributions. For an
accurate measurement of the latter, a high temporal resolution is crucial. To minimize the lag
associated with the tubing, piezoresistive pressure transducers were mounted directly inside the
airfoil model. In selected cases, the pressure measurements were accompanied by phase locked
flow field measurements above the suction surface via particle image velocimetry (PIV). The data
acquisition of both measurement techniques was synchronized, allowing to detect the distinct
unsteady features of the flow field that govern the transient development of the surface pressure
distribution.

Reproducing the unsteady flow speed variation synchronously with the pitching motion is expected
to yield a far more realistic representation of dynamic stall on wind turbine blades than the
common tests at constant wind tunnel speeds. Nevertheless, relying on two-dimensional airfoil
data inevitably introduces a significant degree of simplification. Three-dimensional effects can
have a marked impact on the stalling behavior of wind turbine blades. This is especially true for
HAWTs, where centrifugal forces produce a spanwise motion of fluid particles within the boundary
layer directed radially outward. The coriolis force leads to an acceleration of the particles towards
the trailing-edge referred to as the “Himmelskamp effect”. Field tests carried out by the Delft
University of Technology have shown that its impact on the blade loads can be significant [157]: A
comparison of wind tunnel results with data recorded on an instrumented wind turbine revealed
that the normal force coefficients recorded on the rotating blades exceeded those obtained under
two-dimensional conditions. When HAWTs operate under yawed conditions, the misalignment
of the rotor disc with the wind also leads to a periodically varying spanwise velocity component
that is not reproduced here. Furthermore, the experimental strategy adopted here is based on
the assumption that the instantaneous inflow conditions experienced by a spanwise segment of
a wind turbine blade can be described by the instantaneous values of the angle of attack and
the relative flow speed. This approach is expected to provide a good approximation, but it can
not be considered exact. Wind turbine blades are known to be dynamically deformed by the
varying aerodynamic loads, leading to a flapping motion in the direction normal to the chord
line. Even though a plunging motion can be represented by an equivalent unsteady variation of
angle of attack and relative velocity through potential flow theory in the inviscid case, the impact
of viscosity can lead to significant deviations [19]. For instance, Soltani et al. found that the
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delay of flow separation caused by the airfoil rotation produced differences in the relative impact
of reduced frequency and amplitude between pure pitch and pure plunge test cases [158]. This
observation is consistent with the finding of Ericsson and Reding that the so-called “leading-edge
effect” that describes the impact of the moving airfoil surface on the boundary layer stability
produces opposite results during pitching and plunging motions [159].

Since no wake rake was available for the present experiments, the friction drag coefficient cd,f
could not be quantified, and hence the drag coefficient is approximated here based on the pressure
drag alone: cd ≈ cd,p. At high angles of attack, cd,p is clearly the dominant factor, and the trends
can be expected to be captured well [66]. At low incidence, however, the contribution of cd,f is
significant, and the present experimental approach does not accurately capture cd. Furthermore,
it should be noted that the use of slot blowing has a significant impact on the drag coefficient.
Without flow control, surface friction leads to a momentum deficit in the wake. When blowing
is employed, the ejection of high momentum fluid generates a thrust force directed roughly in
the direction of the chord, which may outweigh the impact of friction, leading to a negative drag
coefficient. This effect would be reflected in a momentum surplus in the wake. Hypothetically,
this could be accounted for in the framework of an analysis of overall energy efficiency by also
taking into account the energy required for actuation. However, in the absence of measurements
of the wake momentum, this was not expedient here. Even though the absence of data for cd,f is
somewhat of a limitation, it is considered acceptable within the scope of this work, which focuses
on dynamic stall control and active aerodynamic load control at high incidence, where cd ≈ cd,p is
a good approximation. Furthermore, in the context of fatigue loads, the lift per unit span L and
the moment per unit span M are the key variables, whereas the unsteady variation of drag is of
lesser practical relevance. The major drawback from the lack of experimental data for cd,f lies
in the difficulty of using the present experimental results for simulations of the overall turbine
performance (using a blade element momentum method, for instance) that would help quantify
the overall impact of slot blowing on turbine performance. Nevertheless, within the scope of this
work, surface friction is of minor importance.

3.1 Experimental Setup

3.1.1 Unsteady Wind Tunnel

The experiments presented in this work were conducted at the Technion Flow Control Laboratory.
The wind tunnel facility was specifically designed with the objective of enabling unsteady flow
conditions. Most notably, arbitrary high amplitude fluctuations of the wind tunnel speed U∞
can be generated at time scales in the order of 100 milliseconds. This rare capability makes the
wind tunnel ideally suited for experiments that aim to realistically replicate the unsteady inflow
conditions occurring on wind turbine rotor blades. The blow-down wind tunnel with a contraction
ratio of 8:1 is driven by a 75kW double entry, backward bladed, radial blower. When operating
under a strong adverse pressure gradient, the fan blades stall smoothly and continue to produce a
pressure rise. This favorable stalling behavior is a prerequisite for the dynamic variation of the wind
tunnel speed: As the mass flow rate does not show a sudden drop associated with fan blade stall,
the wind tunnel speed can be steplessly regulated by adjusting the head losses at the wind tunnel
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Figure 3.1: Image of the louver mechanism used to
dynamically vary the wind tunnel speed.

exit. This technique allows for far more rapid
flow speed variations than those attainable by
varying the rotational speed of the blower.

The louver mechanism that produces the tran-
sient changes of the wind tunnel speed was
installed at the wind tunnel exit. It consists of
13 counter-rotating aluminum blades, each of
which has a width of 70mm and a thickness of
4mm. The blades span the entire width of the
test section and are connected via cogwheels.
All louver vanes can be rotated simultaneously
by means of a 0.75kW servo motor which is
controlled via LabView. The head loss can
be varied by changing the angle of the louver
vanes, allowing for dynamic variations of the
wind tunnel speed. User-defined time profiles
such as harmonic wind speed oscillations can
be obtained by adjusting the vanes’ position
profiles. To avoid spatial variations of the
wind tunnel speed at the location of the airfoil
that could potentially result from the proximity of the louver vanes, an additional test section with
a length of 2.00m was installed downstream of the section containing the wing. This test section
was empty apart from a Pico Technology “PT-100” temperature probe located near the wind
tunnel ceiling. The louver mechanism was installed at the exit of the empty section, providing
a minimum distance of 2.74m between the trailing-edge of the airfoil and the louver vanes. A
radial diffuser, which allows flow to exit radially outwards in four directions, was installed directly
downstream of the louver mechanism.

3.1.2 Airfoil Model

The test section that contains the airfoil model (inner dimensions: 610mm x 1004mm, length:
2.00m) was located directly downstream of the nozzle exit. It features a pair of circular Plexiglas R©

windows, which are held in place by aluminum rings with an inner diameter of 930mm and an outer
diameter of 1010mm, see figure 3.2. The airfoil model was firmly connected to both windows and
pitched about the quarter-chord position by rotating both rings synchronously. For this purpose,
a 1.5kW servo motor was installed on top of the test section and connected to the aluminum rings
via belt drives. Desired time profiles of the angle of attack (quasistatic pitching motion, sinusoidal
pitching, ramp profiles etc.) can be obtained by programming the motor controller. In the case of
dynamic pitching, the potential elongation of the drive belts resulting from the varying mechanical
loads poses a potential source of error regarding the instantaneous angle of attack. However, tests
confirmed that the deviations did not exceed ∆α = 0.2◦. The floor and ceiling of the test section
are transparent to facilitate the use of optical measurement techniques.
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Figure 3.2: View of the test section showing the pitching mechanism and the approximate location of the
airfoil model.

The constant chord NACA 0018 airfoil investigated in this work is a symmetric profile frequently
used on vertical axis wind turbine blades. A schematic is presented in figure 3.3, the origin of
the coordinate system is located at the spanwise center of the leading-edge. The airfoil model
(chord length c = 348mm, span s = 610mm) was machined from Obumodulan R©, a synthetic
material developed for model building. It features two control slots located on the suction surface
at 5% and 50% chord respectively. Both slots extend across the entire span and have a height of
h = 1.2mm. The angle of the control slots relative to the airfoil surface is η = 20◦, see figure 3.4.

3.1.3 Blowing System

The main goal of the initial set of experiments was to characterize the effect of constant blowing
as a function of the control location. For these tests, the pressurized air was taken from a wall tap
connected to a pressure reservoir. The mass flow rate was set with an SMC Pneumatics “AW40-F04”
pressure regulator and monitored with a Dwyer Instruments “VFC-122-EC” rotameter. According
to manufacturer specifications, the rotameter has an accuracy of 2% of full scale (50SCFM), which
corresponds to 1SCFM ≈ 4.7 · 10−4m3/s. The outlet of the rotameter was connected to the airfoil
plenum chamber through metal flanges by means of vinyl tubing. Pressurized air was injected
from both sides to minimize potential spanwise deviations of the control jet speed Uj . Whenever
no control was applied, the flanges were sealed to prohibit a net mass flux through the slots.
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Figure 3.3: Schematic of the NACA 0018 airfoil
model.

Figure 3.4: Schematic of the control slot geometry
and the assumed control jet velocity profile.

After the preliminary tests had been com-
pleted, the blowing system was modified sub-
stantially. The main motivation for the adjust-
ments was to allow for adaptive blowing, where
the control jet speed is varied synchronously
with the inflow conditions. This control tech-
nique requires rapid changes of the mass flow
rate as well as a high degree of accuracy and
repeatability. To this end, the pressure reg-
ulator was replaced with an Agilent “MCR
3500” mass flow controller, which also pro-
vided time resolved measurements of the in-
stantaneous volumetric flow rate V̇ (t). The
temporal changes of the flow rate were imple-
mented by continuously adjusting the set point
via LabView. An image showing the mass flow
controller, mounted on the wind tunnel ceil-
ing, as well as the flexible tubing delivering
the pressurized air to the leading-edge plenum
chamber is presented in figure 3.2. Provisions
were made to improve the repeatability of the
experiments involving slot blowing. A Ceccato
“CDX 36” refrigeration dryer was installed to
remove excess humidity from the compressed air to avoid the formation of water droplets that
might be detrimental to the experimental results or even damage the instrumentation. Keeping
the humidity of the compressed air at an approximately constant low level also slightly reduced
the uncertainty of the blowing mass flow rate V̇ . The dried air was delivered to a pressure vessel
with a volume of 0.1m3, which helped dampen the pressure fluctuations that would otherwise have
resulted from the fluctuating flow rate. This provided a relatively stable pressure upstream of the
mass flow controller and also protected the refrigeration dryer from damage. A filter was installed
downstream of the pressure vessel to remove solid particles of a size above 3µm. The inlet of the
mass flow controller was connected to the filter via vinyl tubing with an inner diameter of 18mm.
The outlet of the mass flow controller was connected to both sides of the leading-edge plenum
chamber by means of two flexible vinyl tubes each of which had an inner diameter of 25mm and a
length of 140cm.

3.1.4 Instrumentation

The airfoil model was equipped with 40 surface pressure ports (φ 0.8mm) symmetrically dis-
tributed along the upper and lower surfaces. The pressure taps were located near mid-span and
staggered at an angle of 10◦ relative to the x-axis to avoid interference. Two Pressure Systems
“ESP-32HD” piezoresistive pressure scanners were mounted inside the airfoil model close to the
quarter-chord position. Incorporating the transducers into the wing offers the advantage of
minimizing the length of tubing and thereby improving the transient response. The vinyl tubes
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Figure 3.5: Image of the experimental setup showing the mass
flow controller and the airfoil model.

connecting the pressure ports to
the pressure transducers each had
an inner diameter of 0.8mm and a
length of 44cm. The lag and atten-
uation of the pressure signal were
found to be insignificant for the dy-
namic experiments. Furthermore,
tests confirmed that the rotation
and acceleration of the pressure
transducers during the dynamic
pitching experiments did not cause
any noticeable deviations.

The experimental strategy adopted
in this work is based on the as-
sumption that the flow at the
spanwise center of the airfoil
model can be approximated as two-
dimensional. The airfoil spans the
entire width of the test section and
the gaps between the model and
the windows are sealed. While this
avoids leakage from the pressure surface to the suction surface, the wing is exposed to the boundary
layer of the wind tunnel walls on both spanwise margins. This can lead to three-dimensional
effects in the vicinity of the walls. Specifically, the boundary layer in the trailing-edge region of
the airfoil can separate prematurely because the fluid in the boundary layer of the wind tunnel
walls lacks the kinetic energy to negotiate the adverse pressure gradient [160]. This locally affects
the pressure distributions, which would be particularly problematic if a force balance were used to
measure the aerodynamic loads. However, the loads are instead based on unsteady measurements
of the airfoil surface pressures at mid-span. Even though the aspect ratio of the wing is relatively
small (s/c ≈ 1.75), the effect of the wind tunnel walls was expected to be negligible here. This
was verified with six additional pressure ports located at chordwise positions of x/c = 21.5% and
x/c = 69.5% on the suction surface as well as x/c = 69.5% on the pressure surface at a distance
of 100mm from each side wall (z/s ≈ 0.16 and 0.84 respectively). A good agreement with the
pressures measured at the corresponding ports at mid-span was observed, with differences in cp
typically below 5%. Furthermore, the main purpose of the experiments presented in this work
is to investigate dynamic stall as it occurrs on wind turbine blades and to quantify the effect of
control. Slot blowing produces fundamental changes to the flow field that have a dramatic impact
on the aerodynamic loads and dwarf the uncertainties associated with the deviations from the
assumption of two-dimensionality.

The wind tunnel speed was monitored with two Dantec Dynamics “55P14” hot wire probes
positioned at a vertical distance of 13cm from the wind tunnel floor and ceiling respectively.
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The probes were located 0.47m upstream of the leading edge of the airfoil (at zero incidence).
An A.A. Lab Systems “AN-1003 Test Module” was used for the hot wire data acquisition. In
all experiments, the instantaneous value of the wind tunnel speed was taken as the mean value
of the flow speed recorded with both probes. This strategy offers two advantages: In addition
to the fast response that is crucial for a correct measurement of the fluctuating wind tunnel
speed, using two probes helps reduce the error introduced by the non-uniformity of the flow
at high angles of attack. The hot wire probes were calibrated based on a pitot tube located
at the same streamwise position as the hotwires at a distance of 10cm from the wind tunnel
ceiling. A Dwyer “Model 607-8” differential pressure transducer was used to measure the pressure
difference. During the calibration procedure, the wind tunnel speed was adjusted by using the
same combinations of the blower rotational speed and the louver vane angles that were used in the
following measurements. Typically, data was obtained at 15 different wind tunnel speeds covering
the range of 3.5m/s ≤ U∞ ≤ 25m/s. For each data point, the data from the pressure transducer
and the hot wire probes were recorded at a sample rate of approximately 20kHz for 15 seconds
and subsequently averaged.

A personal computer equipped with one National Instruments “PCI-6259” data acquisition card
and one “PCIe-6353” card was used for the data acquisition and the synchronization of the
measurements, which were automated using the software “LabView”. The voltage signals from
the pressure transducer monitoring the pitot probe, the hot wire probes, the mass flow controller
and the various trigger channels were continuously recorded at a sample rate of 499Hz. The
servo motor that produced the pitching motion of the airfoil was monitored with a separate real
time LabView program that produced a 5V TTL trigger pulse each time the airfoil passed a
pre-defined angle of attack. This trigger signal was used as the reference to synchronize all of the
instrumentation.

Since no LabView drivers were available to directly acquire the data from the Pressure Systems
“DTC Initium” module that recorded the information from the “ESP-32HD” pressure transducers
mounted inside the airfoil model, it was unavoidable to record the pressure data independently.
This was done using an Agilent “33210A” waveform generator that was triggered by the TTL
signal from the pitching motion. This started the output of a pre-defined number of pulses that
were generated at the same frequency as the LabView data acquisition (499Hz). Each of these
pulses triggered the acquisition of one sample of the instantaneous surface pressure distribution.
The pressure data was subsequently combined with the other measurements based on the known
timing of the first trigger that started the waveform output. Even though this technique inevitably
leads to some uncertainty of the timing of the pressure data relative to the other signals, tests
showed that the sample clocks of the NI data acquisition cards and the waveform generator were
precise enough to guarantee that the maximum error throughout a given measurement did not
significantly exceed 2 milliseconds.
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3.2 Data Acquisition Procedure

The details of the data acquisition settings such as the sample rate and the number of samples were
slightly adjusted between the various experimental entries. Most of the data presented in this work
was recorded during the last entry (2014), and hence the corresponding values are presented here.
Quasistatic measurements were carried out at various constant Reynolds numbers ranging from
Re=125,000 (U∞=5.6m/s) to Re=500,000 (U∞=22.2m/s). When only positive angles of attack
were considered, the airfoil was pitched at a rate of 0.36◦/s in the range of −2.5◦ < α < 32.5◦.
Additional quasistatic baseline tests were carried out for −32.5◦ < α < 32.5◦ to quantify the effect
of the presence of the passive control slots on the stalling behavior of the airfoil model. The
surface pressure distribution was continuously recorded at a sample rate of 499Hz and each test
was repeated three times. Mean pressure distributions were obtained by averaging the data in
angle of attack windows with a width of 0.5◦ and then ensemble averaging the results obtained
during the three runs. In addition to the baseline measurements, quasistatic data was recorded for
constant blowing at sixteen flow rates 210 SLPM≤ V̇ ≤ 1790 SLPM and seven different Reynolds
numbers to provide a quasistatic lookup table.

Various test cases involving unsteady inflow conditions were examined, including sinusoidal pitching
motions at a constant Reynolds numbers, sinusoidal variations of the wind tunnel speed at fixed
angles of attack as well as simultaneous variations of both α and U∞. When blowing was applied,
a voltage signal generated via LabView was applied to the analog input of the mass flow controller
to produce the desired control jet velocity time profile. During each individual experiment, 50000
samples were recorded at a rate of 499Hz. Typically, each test was repeated 4 times to ensure small
statistical uncertainties, and the first two cycles of each run were discarded. At a reduced frequency
of k = 0.06, this corresponds to a total number of approximately 270 cycles. The instantaneous lift
coefficient cl,i(φ) was obtained by integrating the instantaneous pressure coefficient distributions
cp,i(x, φ) and normalizing with the instantaneous wind tunnel speed U∞,i(φ). The subscript i is
the measurement index in each phase angle window, where i= 1, 2,..., N and N ≈ 1000 is the
number of samples in a given window. The phase averaged lift coefficient cl(φ) was calculated by
averaging over windows with a width of ∆φ= 2◦ in the following way:

cl(φ) = 1
N

N∑
i=1

cl,i(φ) . (3.1)

For instance, cl(φ= 2◦) was obtained from cl,i(1◦<φ< 3◦). The phase averaged form drag and
moment coefficients were determined in an analogous way. For simplicity, the phase averaged
results are denoted as cl, cd and cm in the following unless otherwise stated. The results presented
here were not corrected for wind tunnel blockage.

When the wind tunnel speed was dynamically varied with the louver mechanism, fluctuations of
the static pressure in the order of 500Pa were measured inside the test section, making it very
difficult to reliably determine the correct phase averaged value of p∞. Hence, instead of measuring
the static pressure independently, it was determined from the maximum phase averaged pressure
recorded on the airfoil surface. Since the spacing between adjacent pressure ports is relatively
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small in the leading edge region, this approach is expected to provide a reliable measurement
of the stagnation pressure. The pressure coefficient in the location where the highest pressure
is obtained at a given phase angle is defined as cp = p − p∞/q = 1, where q = 1

2ρ∞U
2
∞ is the

dynamic pressure determined from the phase averaged flow speed.

At selected phase angles, PIV measurements were carried out using a 200mJ double-pulsed
Nd-YAG laser in conjunction with a 4 megapixel CCD camera. The PIV and pressure data
acquisition were synchronized and for each phase angle, data from 200 pitching cycles was recorded
and subsequently phase averaged. A commercial seeding generator produced DEHS synthetic oil
particles of 1µm diameter (according to manufacturer specifications) within the tunnel plenum.
The laser head was mounted underneath the test section, introducing the light sheet through the
transparent floor. The light sheet was oriented perpendicular to the airfoil surface, parallel to
the x and y-axes. A 12mm wide strip of red adhesive film (3M “Scotchcal”, 75µm thickness) was
attached to the airfoil surface at the spanwise location of the light sheet. It was oriented parallel
to the x-axis and spanned the entire circumference of the airfoil. In conjunction with an optical
filter that only permits light at the wavelength of the laser (532nm), a significant reduction of the
reflections from the airfoil surface was achieved, dramatically improving the data quality near
the wall. In order for the adhesive tape not to interfere with the pressure measurements, the
spanwise location of the PIV interrogation region was chosen as z/s = 0.1, yielding a spacing
between the adhesive tape and the pressure ports of no less than 24mm. The pulse separation was
adjusted based the instantaneous flow speed, typically ∆t = 40µs was selected at a wind tunnel
speeds in the order of U∞ = 10m/s. The data was processed using a decreasing size multi-pass
correlation approach with the software “DaVis” by LaVision. The final results were calculated
from 12x12 pixel interrogation windows with no overlap, yielding a velocity field with a spacing
of 3.1mm between adjacent vectors. The normalized vorticity fields were computed according to
ωz = [∂v/∂x− ∂u/∂y] · c/U∞.

The airfoil surface was always blocked by the airfoil model to avoid direct reflections from the
surface. The camera position was adjusted in such a way that the region near the surface for which
no data was available was as small as possible throughout the entire range of angles of attack.
The flow speed was set to zero “inside” the airfoil, which causes the calculation of vorticity to
produce a non-zero result near the airfoil surface even though the boundary layer is not resolved
by the measurement. The region where no flow field data is available is masked in the flow field
plots. Furthermore, it should be noted that ostensible vorticity was obtained in some locations at
the boundaries of the visible region or as the result of reflections. This incorrect vorticity was
manually removed from the plots only in cases where the cause of the error was evident.

3.3 Unsteady Freestream Oscillations

Sinusoidal variations of the wind tunnel speed were generated by periodically moving the louver
vanes. The angle of the vanes is denoted as κ, where κ = 0◦ indicates that the vanes are aligned
parallel with the flow and κ = 90◦ corresponds to the fully closed position. The minimum and
maximum values of κ, which determine the amplitude of the flow speed profiles, as well as the
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Figure 3.6: Comparison of phase averaged wind
tunnel speed with ideal curves, the standard
deviation σU∞ is indicated with error bars.

rotational speeds of the opening and clos-
ing motion and their timing were adjusted
iteratively to obtain an optimum fit to the
desired harmonic profile. Since the response
of the wind tunnel speed to an increase in
κ was significantly faster than the response
to a reduction, the time profiles of κ were
asymmetric (see [161] for details). While the
parameters determining the position profile
were set in the controller of the servo motor
driving the louver vanes, the motion was ini-
tiated with trigger pulses generated in the
LabView software that synchronized the mea-
surements. The lag of the wind tunnel speed
variation relative to the trigger signals was
determined, allowing to precisely synchronize
the timing of the variation of U∞ relative to the airfoil pitching motion.

A comparison of the phase averaged wind tunnel speed (solid lines) with the corresponding ideal
profiles (dashed lines) is presented in figure 3.6 for two examples. The standard deviation of
the measured wind tunnel speed σU∞ is indicated with error bars. The impact of the unsteady
flow speed on dynamic stall was investigated with high amplitude fluctuations of U∞, the case of
U∞ = 11.1 ·105[1 + 0.5 sin(φ)] shown here for a frequency of f = 1Hz is a typical example. Varying
the wind tunnel speed with U∞ = 13.3 · 105[1 + 0.2 sin(φ)] (f = 0.73Hz) yields dynamic pressure
fluctuations with an amplitude slightly larger than two, this profile was used during the experiments
with active flow control. The results show that the cycle to cycle variation is more than an order
of magnitude smaller than the amplitude of the phase averaged flow speed profiles. Furthermore,
synchronous time resolved measurements of the wind tunnel speed at various streamwise positions
in the test section confirmed that the streamwise phase lag of U∞ is negligible [161]. However,
the area blockage at the wind tunnel exit had a noticeable impact on the unsteadiness of the
wind tunnel speed. When the louver vanes were fully opened, the wind tunnel turbulence and
velocity profile non-uniformity in the test section were less than 0.3% and 1% respectively. When
the vanes were closed, fluctuations with an amplitude of up to 1% of U∞ were measured. The
fluctuations occurred at a relatively distinct frequency in the range of 6.5Hz−7.5Hz irrespective of
the wind tunnel speed. This observation is attributed to resonance inside the settling chamber. A
recent analysis by David Greenblatt (unpublished) has indicated that the combination of the wind
tunnel settling chamber and the test sections essentially represents a Helmholtz resonator; the
frequency range predicted with this model agrees very well with the experimental observations.
The impact of the periodic unsteadiness on the phase averaged aerodynamic loads was relatively
small. A comparison of experimental data from dynamic stall experiments, where a given wind
tunnel speed was obtained with different combinations of the blower rotational speed and the
louver vane angle, showed only minor deviations. This was expected, since the length scale of
the fluctuations (U∞/fH) is significantly larger than the chord length of the airfoil. Hence, their
effect on the boundary layer can be better described as a periodic variation of the freestream
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velocity than as turbulent velocity fluctuations. The impact on the dynamic stall mechanism is
expected to be very limited since the length scale of freestream turbulence must be on the order of
the boundary layer thickness to affect the turbulent boundary layer behavior [162]. Nevertheless,
the measurements at constant wind tunnel speeds were carried out with the same settings of the
blower rotational speed and κ that were attained in the corresponding experiments with oscillating
U∞ to ensure comparability.

3.4 Control Jet Properties

In all experiments, the momentum coefficient at a given phase angle φ was based on the phase
averaged wind tunnel speed U∞(φ) and the phase averaged control jet speed Uj(φ) (for the
definition of Cµ, see equation 2.2). A direct measurement of the instantaneous value of Uj was
not practicable since the airfoil model was moving and a hot-wire probe would have disturbed
the flow. Instead, Uj(φ) was determined from the instantaneous volumetric flow rate V̇ (φ). It is
assumed that the boundary layer thickness at the upper and lower margins of the jet is negligible
such that a “top-hat” velocity profile is formed at the lip of the slot, see figure 3.4. Based on this
approximation, the control jet speed can be calculated as

Uj(φ) = V̇ (φ)/shj . (3.2)

Determining Uj in this way raises some concerns regarding the precision of Cµ. Measuring the flow
rate with the rotameter introduced a significant level of measurement uncertainty, particularly at
low momentum coefficients. The accuracy of the rotameter was specified as 2% of full scale by the
manufacturer. At a Reynolds number of Re = 3·105 and Cµ = 0.5%, this leads to a relative error in
the momentum coefficient of ∆Cµ ≈ 12%. At the same Reynolds number and Cµ = 4%, the error
is approximately 4%. This level of uncertainty is quite significant. However, the measurements
carried out with the initial blowing configuration, where the rotameter was used to quantify V̇ ,
were aimed solely at elucidating the differences between control in the leading-edge region and
control at mid-chord. For these qualitative tests, the error associated with the measurement of the
mass flow rate is still within acceptable limits. Replacing the rotameter with the MCR 3500 mass
flow controller significantly reduced the uncertainty. According to manufacturer specifications,
the accuracy was ±(0.8% of reading + 0.2% of full scale). Based on these values, the uncertainty
of the momentum coefficient is ∆Cµ ≈ 5% (Cµ = 0.5%) and ∆Cµ ≈ 3% (Cµ = 4%) respectively
at a Reynolds number of 3 · 105.

The distribution of the momentum coefficient along the span poses a further potential source of
error. The experimental strategy adopted here is based on the assumption of two-dimensionality
and relies on pressure and flow field measurements at center-span. This approach is valid only as
long as the control jet speed is virtually constant along the airfoil. According to Kelly [150], the
criterion for a “reasonably uniform” spanwise distribution of blowing is that the spanwise pressure
drop inside the plenum chamber is small compared to the pressure drop across the blowing nozzle.
This relationship was already considered in the design process of the airfoil model, and thus a
relatively large plenum chamber diameter was chosen to minimize the spanwise pressure drop and
achieve a homogenous distribution of Cµ. Nevertheless, the spanwise coherence
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Figure 3.7: Spanwise locations of control jet speed
measurements.

of the control jet had to be vali-
dated. In the experiments where Uj
was varied dynamically to accomplish
adaptive load control, two additional
sources of error associated with a po-
tential time lag arise. A lag of the mo-
mentum coefficient may occur along
the airfoil span such that transient
changes of Cµ would occur near the
wind tunnel walls before reaching the
center-span region, for instance. Furthermore, the tubing between the outlet of the mass flow
controller and the plenum chamber might cause a delay between the flow rate measurement with
the mass flow controller and the actual instantaneous jet speed. Since the momentum coefficient is
based on the flow rate measurement with the mass flow controller, this would lead to an incorrect
calculation of Cµ(φ).

Hot wire measurements of Uj were carried out at U∞ = 0 at various spanwise locations in order
to assess the abovementioned sources of error. The hot wire was oriented parallel to the z-axis
and positioned within the potential core region of the jet. Strictly speaking, the probe measured
the vector sum of the streamwise and normal velocity components of the control jet in this
arrangement. However, since the streamwise component is far larger, the measured velocity can
be assumed to be equal to Uj(t) as indicated in figure 3.4 for simplicity. Constant flow rates as
well as periodic fluctuations of Uj were generated with the mass flow controller. The same set of
measurements was repeated at 5 evenly distributed positions indicated with colored markers in
figure 3.7, covering the central 67% of the span.

Phase averaged time profiles of Uj are presented in figures 3.8 and 3.9 to quantify the spanwise
deviations. These results agree very well with the data obtained at constant jet speeds (not shown)
and provide additional time resolved information. Figure 3.8(a) shows the phase averaged control
jet speed Uj(φ) obtained from approximately 100 cycles of a linear variation of Uj with a period of
T = 2s. The control jet speed was varied between Uj ≈ 17m/s and 44m/s. At a Reynolds number
of Re = 3 · 105, these values correspond to the momentum coefficients that produced the largest
reduction in lift compared to the baseline (Cµ ≈ 1%) and the largest lift enhancement attainable
with the present setup (Cµ ≈ 6.5%) respectively. Accordingly, the data shown in this figure covers
the entire range of Uj that was utilized for adaptive blowing. Data recorded during a sinusoidal
variation of Cµ is shown in figure 3.9, the frequency of f = 1Hz is in the order of the highest
frequency considered in the dynamic test cases.

The dependence of Uj on the spanwise location is almost identical for the two time profiles shown
here and the tests at constant jet speeds: Uj is the highest at center-span and across the central
portion of the wing. The lowest jet speed is measured at z/s = 0.33, the relative difference between
the mean value Uj obtained here and that at the center is ∆Uj ≈ 4%. Since the jet speed at a
given spanwise position scales approximately linearly with the mass flow rate V̇ (φ), the deviations
of Cµ(z) are in the order of 8% irrespective of Cµ. It should be noted that temperature fluctuations
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(a) (b)

Figure 3.8: Phase averaged control jet speed for a linear variation at T = 2s.

were unavoidable during these tests, leading to potential deviations in the measurement of Uj
at different positions. Thus, it appears likely that ∆Uj ≈ 4% is a rather conservative value,
the actual differences between different spanwise locations may be significantly smaller. These
results confirm that the momentum coefficient is approximately constant across large portions
of the model, supporting the assumption of a two-dimensional flow field. Data from the same
measurements, normalized with the mean jet speed at a given position Uj(z), are shown in figures
3.8(b) and 3.9(b). These plots demonstrate that the transient spanwise deviations are within
measurement uncertainty: The normalized amplitude of Uj is virtually constant and the lag of Cµ
along the span can be considered negligible.

Representative examples of time profiles of Uj that were used in the experiments with adaptive
blowing are presented in figure 3.10. During these tests, the jet velocity was measured at z/s = 0
while the volumetric flow rate was acquired with the mass flow controller. Comparing these
synchronously recorded data sets allows for a quantification of the error associated with basing Cµ
on the flow rate measurements as described above. Since the physical meaning of the profile shape
is not relevant in this context, they are simply labeled as “case 1” etc. The phase averaged control
jet speed Uj(φ) is indicated with solid lines. The jet speed calculated from the phase averaged
flow rate V̇ according to equation 3.2 is denoted Uj,V̇ here and represented by dotted lines in
figure 3.10. The results deviate by approximately 10%, which may be caused by the uncertainty
of the control slot height (∆h ≈ 5 · 10−5m). Furthermore, it is likely that the deviation is caused
in part by the assumption of a top-hat velocity profile. Clearly, this is only an approximation of
reality, where boundary layers are formed at the upper and lower boundaries of the jet and the
velocity approaches zero near the walls. As a result, determining Uj from equation 3.2 leads to
an under-prediction of the jet speed within the potential core, which is consistent with the data
presented in figure 3.10.

For a better qualitative comparison, Uj,V̇ was normalized with the ratio of the mean velocities
Uj/Uj,V̇ , this data is represented by dashed lines. The time profiles recorded with the hot wire
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(a) (b)

Figure 3.9: Phase averaged control jet speed for a sinusoidal variation at T = 1s.

and the mass flow controller agree well when the factor Uj/Uj,V̇ is taken into account. Some
deviations are observed in case 1, where the amplitude of the jet speed oscillations is particularly
large. At low control jet speeds, Uj is under-predicted based on the mass flow rate, the opposite
is true at the maximum jet speed. This finding is also consistent with the error that can be
expected from the assumption of a top-hat profile. At lower values of Uj , the deviation of the
velocity profile from the idealized profile can be expected to be somewhat larger due to the lower
Reynolds number and the resulting thicker boundary layers. Consequently, the actual value of Uj
is larger than the prediction based on the mass flow rate. Data recorded at constant jet velocities
supports this explanation; the ratio of the mean velocities Uj/Uj,V̇ is in fact slightly larger at low
values of Uj . Alternatively, the deviations between Uj and Uj,V̇ · Uj/Uj,V̇ could also be caused by
damping in the tubing between the mass flow controller outlet and the plenum chamber. Based
on a correlation of the two signals, the phase lag is below 5◦ in all cases shown here.

Potential variations of the control jet temperature Tj were also considered. As mentioned above,
the measurement of Uj at different spanwise locations may have been affected by temperature
fluctuations to some extent. More importantly, the jet temperature affects the control jet density
ρj (this dependence can be approximated as linear based on the assumption of an ideal gas) as
well as the viscosity. Since a refrigeration dryer was used to remove excess humidity from the
compressed air, the possibility that Tj was significantly smaller that T∞ had to be considered.
However, measurements inside the leading-edge plenum chamber revealed that the temperature
of the compressed air was almost independent of the flow rate: Tj(V̇ = 0.008m3/s) = 298K and
Tj(V̇ = 0.03m3/s) = 295.5K. These values are very close to the temperature range 298K < T∞ <

301K at which the experiments were conducted. Therefore, the impact of Tj on the experimental
results was considered negligible. Finally, the maximum control jet Mach number was Mj ≈ 0.12
and thus the jet can be approximated as incompressible.
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Figure 3.10: Phase averaged control jet speed Uj(φ)
recorded with hot wire measurements (solid lines),
predicted from V̇ (φ) (dotted lines) and predicted
from normalized V̇ (φ) (dashed lines).

In the above discussion, the main focus
was placed on potential sources of error
that would invalidate the assumption of two-
dimensionality or introduce random errors.
The experimental results confirm that the
spanwise distribution of the control jet is vir-
tually uniform and that the errors introduced
by determining the momentum coefficient
from the mass flow rate are within acceptable
limits. Based on these findings, more detailed
tests, such as measurements of the control jet
velocity profile, were considered expendable.
The assumption of a top-hat velocity profile
introduces a minor error in the calculation
of Cµ. However, this error is of a systematic
nature and does not impair the comparability
of different data sets. Comparisons of data
acquired over the course of several months showed an excellent repeatability, indicating that the
random error of the momentum coefficient was in fact smaller than the estimates specified here.
Note that throughout the following discussion of the experimental results, the control jet velocity
derived from the flow rate is denoted Uj for simplicity.
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This section summarizes the results obtained without flow control (baseline) at constant wind
tunnel speeds. Initially, the characteristics of the NACA 0018 airfoil model are explored based on
quasistatic tests. Since the baseline data also serves as a reference for the results obtained with
blowing presented in the following chapters, it was important to ensure geometric similarity with
the corresponding flow control cases. Hence, the leading-edge control slot was left open during
these experiments while the mid-chord slot was sealed with 75µm thick adhesive tape. As a result
of the presence of the control slots, the airfoil geometry slightly differs from a smooth, perfectly
symmetric NACA 0018 profile. The resulting deviations are quantified based on a comparison
with published results for smooth NACA 0018 airfoils at comparable Reynolds numbers.

Following the discussion of the quasistatic airfoil characteristics, the distinctive features of dynamic
stall during a high amplitude pitching motion representative of a vertical axis wind turbine blade
are investigated. These tests revealed a striking feature of the flow field that has not previously
been documented: A strong dynamic stall vortex is formed above the rear half of the suction surface
prior to the occurrence of the well-known leading-edge DSV. The spatio-temporal development of
this vortex structure is investigated in detail based on the results of simultaneous measurements
of the flow field and the instantaneous surface pressure distributions. Finally, the influence of the
reduced frequency and the Reynolds number on the dynamic stall mechanism is addressed.

4.1 Quasistatic Results

4.1.1 NACA 0018 Airfoil Characteristics

The experiments presented in this work were carried out in the range of 1.25 · 105 ≤ Re ≤ 5 · 105,
where Reynolds number effects play a significant role. The boundary layer thickness at a
given chordwise position as well as the location and size of the laminar separation bubble vary
considerably throughout this range, yielding noticeable variations of the aerodynamic coefficients
at a given angle of attack. Data recorded during quasistatic pitching and subsequently averaged
over windows with a width of 0.5◦ is presented here to illustrate the stalling characteristics of the
NACA 0018 airfoil model and the Reynolds number dependence. The quasistatic aerodynamic
coefficients are shown in figure 4.1 for both positive and negative angles of attack, the pitch-down
motion is indicated with dashed lines. Corresponding mean surface pressure distributions are
presented in figure 4.2, where the pressure above the suction surface is represented by solid lines
and that above the pressure surface by dashed lines. The control slots were located on the suction
surface at positive angles of attack, their effect on the boundary layer is examined in the following
chapter.
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(a)

(b)

(c)

Figure 4.1: Aerodynamic coefficients obtained during quasistatic pitching.
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Figure 4.2: Quasistatic surface pressure
distributions, Re = 3 · 105.

The stalling behavior of the NACA 0018
model investigated here is typical of thick air-
foils, which generally stall from the trailing-
edge as long as the leading-edge radius is
sufficiently large [30]. The lift character-
istics and chordwise pressure distributions
are in good agreement with established def-
initions of trailing-edge stall [51, 163]. In
the absence of low Reynolds number effects
(Re = 3.75 · 105), the pre-stall baseline lift
curve can be roughly divided into two main
parts: A region of high lift slope ranging up
to α ≈ 7◦ and a region of reduced lift slope
(caused by the onset of trailing-edge stall) at
higher angles of attack. This observation is in good agreement with measurements carried out by
Timmer [164] and Gerakopulos et al. [47] on NACA 0018 airfoils at comparable Reynolds numbers.
The two regions of approximately constant lift slope are closely related to the occurrence of
trailing-edge stall. At relatively small angles of attack, the boundary layer thickens across the rear
portion of the blade as α is increased. At a Reynolds number of 2.5 · 105, the turbulent boundary
layer begins to separate from the trailing-edge at α≈ 8◦. The commencement of trailing-edge stall
entails a marked reduction of the lift curve slope, even though the strength of the leading-edge
suction peak continues to grow with increasing angle of attack. As the airfoil slowly pitches up,
the location of turbulent boundary layer separation above the suction surface gradually propagates
upstream. This coincides with a continuous increase of the drag coefficient slope. At α≈ 15◦, the
boundary layer is separated across the rear half of the blade. When α is increased further, the
adverse pressure gradient downstream of the suction peak increases until it reaches a critical value
where the laminar separation bubble bursts. This leads to a collapse of the suction peak and an
abrupt loss in lift, which is accompanied by a sudden increase in pressure drag. Simultaneously,
the moment coefficient drops sharply. From this point, the pressure coefficient is virtually constant
across the entire suction surface, indicating boundary layer separation at the leading-edge. It
should be noted that throughout this work, the static stall angle αs is defined based on this onset
of full separation associated with the collapse of the suction peak rather than the maximum value
of cl.

A significant Reynolds number effect is observed within the range of 2.5◦ < α < 7.5◦: When the
angle of attack is increased beyond 2.5◦ at Re = 1.25 · 105, the lift slope significantly exceeds the
theoretical value of dcl/dα = 2π predicted by thin airfoil theory. Simultaneously, the slope of the
moment coefficient curve changes its sign and a sharp drop in cm occurs. Very similar variations of
both cl and cm have been observed by Timmer [164] on a NACA 0018 airfoil model. Just as in the
present case, the effect was the most pronounced at α ≈ 5◦ and was substantially reduced when
Re was increased from of 1.5 · 105 to 3 · 105. Timmer explained the phenomenon with a laminar
separation bubble on the pressure surface close to the trailing-edge. He suggested that the flow
effectively sees a thicker trailing-edge and that the increment in lift is caused by the corresponding
effective increase in camber. The pressure distribution recorded on the pressure surface at α = 5◦

43



4 Baseline Investigation

(figure 4.2) shows a region of virtually constant pressure up to x/c≈ 0.92 and a sharp pressure
increase downstream, which is consistent with this explanation. Furthermore, Timmer found that
the Reynolds number effect is almost eliminated when the boundary layer is tripped at x/c= 0.8
on the pressure surface, which indicates that the phenomenon is in fact caused in this region. In
the present case, the deviations are far less pronounced at negative angles of attack, where the
control slots are located on the high pressure surface and can be assumed to trip the boundary
layer in a somewhat similar way. In summary, it appears likely that the Reynolds number effect
observed near α = 5◦ is in fact caused by a separation bubble on the pressure surface as suggested
by Timmer. Detailed measurements to confirm this assumption were not undertaken since this
work focuses on unsteady flow phenomena at higher angles of attack. Furthermore, the majority
of dynamic tests was carried out at Re ≥ 2.5·105 to reduce the impact of low Reynolds number
effects. Validating the existence of the separation bubble on the pressure surface was therefore
not considered a priority. The presence of the control slots, however, produces a notable effect
throughout the entire range of angles of attack where the upper surface boundary layer is attached.
This aspect is explored in detail in the following chapter.

4.1.2 Passive Effect of Control Slots

The quasistatic experimental results reveal noticeable differences between data recorded at positive
and negative angles of attack even though the NACA 0018 profile investigated here is symmetric.
These differences are attributed to the presence of the control slot on the suction surface. The
slot at x/c=5% is of particular significance because of its proximity to the leading-edge. Passive
tripping devices in the leading-edge region can have a significant impact on the stalling behavior
of airfoils; a discontinuity of the airfoil surface commonly triggers early boundary layer transition.
At low Reynolds numbers, the shift of transition to a location further upstream can be exploited to
avoid laminar separation [50]. Since a turbulent boundary layer can withstand a stronger adverse
pressure gradient, tripping often increases the static stall angle. A detailed overview of boundary
layer tripping devices has been provided by Carmichael [165].

To illustrate the passive effect of the control slots, the lift coefficient obtained during a quasistatic
pitch-up motion is presented in figure 4.3 for various Reynolds numbers. The solid lines labeled
“slots” correspond to the cases where the control slots are located on the suction surface whereas
“smooth” indicates that the slots are on the pressure surface. Both slots were left open for the
tests shown here. The presence of the slots on the suction surface delays the onset of stall by
approximately ∆αs ≈ 2◦, and produces slightly elevated values of cl prior to stall at Re = 2.5 · 105

and 3.75 ·105. Similar observations were made by Seele et al. [166], who reported an increase in the
static stall angle of ∆αs = 6◦ caused by the presence of an open forcing slot near the leading-edge
of an elliptical airfoil operating at Re = 2.5 · 105. In addition to the surface discontinuity, they
suspected resonance with various instability modes inside the cavity to induce boundary layer
transition. In the present case, the leading-edge control slot on the suction surface had a notable
impact on the laminar separation bubble, which is examined in the following. The mid-chord
slot only had a marginal effect on the quasistatic aerodynamic coefficients; sealing it with a thin
adhesive tape had virtually no effect (not shown).
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Figure 4.3: Effect of the passive control slots on the
onset of stall during quasistatic pitch-up.

Figure 4.4: Chordwise pressure distributions
recorded during quasistatic pitch-up.

The impact of the leading-edge control slot
on the laminar separation bubble formed
on the suction surface is illustrated in fig-
ure 4.4 with surface pressure distributions
recorded during a quasistatic pitch-up mo-
tion at various Reynolds numbers. The re-
gions of almost constant pressures, which
are characteristic of the laminar portion of
separation bubbles (see for example [47, 48]),
indicate that separation occurs at approxi-
mately x/c= 5%. The only exception is the
case of α = 6◦ at Re = 3.75 · 105, where no
laminar separation bubble is apparent. In
the other cases, the transition point (which
can be detected from the beginning of the
steep pressure recovery downstream of the
low pressure plateau) appears to be close
to or downstream of the pressure port at
x/c= 8.5%. The change in slope of the cp
curve at x/c= 13.5% suggests that reattach-
ment occurs near this location in most cases.

A precise evaluation of the bubble locations
is hindered by the limited resolution of pres-
sure ports. Depending on the chordwise
position, the uncertainty can be as high
as ∆x/c≈ 5%. Despite this uncertainty,
the pressure distributions reveal significant
qualitative differences associated with the
presence of the control slot on the suction
surface. A comparison of the present find-
ings with experimental results reported for
NACA 0018 airfoils with no surface discon-
tinuities is shown in figure 4.5. Gerakopulos
et al. [47] investigated the location of the
laminar separation bubble at Reynolds num-
bers ranging from 8·104 to 2·105 and found
that at α = 6◦ and Re=2·105, laminar separation occurs at approximately x/c= 20%. At angles
of attack of α = 8◦ and 10◦, the separation location was found to be at x/c ≈ 10% and x/c ≈ 8%
respectively. Similar results were reported by Nakano et al. [167] for Re= 1.6·105. The locations
of laminar separation (S), transition (T) and reattachment (R) measured in the present case with
a smooth suction surface (control slots located on the pressure surface) are indicated with colored
markers in figure 4.5. In this case, the bubble locations agree reasonably well with the published
findings. On the basis of surface pressure measurements, Gerakopulos et al. identified two regions
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(a) 1.2·105≤Re≤ 1.6·105 (b) 1.9·105≤Re≤ 2.5·105

Figure 4.5: Chordwise positions of laminar separation (S), transition (T) and reattachment (R). Present
results obtained with a smooth suction surface are represented by markers along with published data. The
approximate locations observed with the slots on the suction surface are indicated by shaded regions.1

of different rates at which the laminar separation bubble advanced towards the leading-edge with
increasing angle of attack. At lower angles of attack, the bubble advanced at a comparatively
high rate, which was correlated with a larger lift slope throughout this region. A reduced rate of
advancement was observed at angles of attack above α ≈ 7◦ (Re=1.4·105) and α ≈ 9◦ (Re=2·105)
respectively. A comparable correlation between the lift curve slope and the rate of advancement of
the separation bubble was has also been observed on a NACA 0012 airfoil [168]. Within the limits
of the spatial resolution of pressure ports, the present results recorded with a smooth suction
surface indicate a similar qualitative behavior: At both Re = 1.9 · 105 and Re = 2.5 · 105, the rate
of advancement of the laminar separation point decreases significantly as α = 10◦ is exceeded.
In contrast, when the control slots are on the suction surface, the pressure distributions reveal a
shift of the bubble location towards the leading-edge. As indicated by the cp distributions shown
in figure 4.4, the points of separation, transition and reattachment do not vary appreciably as a
function of Reynolds number or α in this range of angles of attack. The approximate locations are
indicated by shaded regions in figure 4.5. These findings suggest that the control slot at x/c= 5%
has a significant effect on the laminar separation bubble in that the location of laminar separation
is fixed at the lip of the slot. The region of almost constant pressure between x/c= 5% and
x/c= 8.5% indicates that the shear layer initially remains separated above the surface downstream
of the slot before turbulent reattachment. At angles of attack exceeding a value of roughly α ≈ 14◦,
the separation point moves upstream of the slot. At this stage, the bubble length may still be
reduced by a shorter transition length resulting from the presence of the cavity.

1Müller-Vahl, H., Strangfeld, C., Nayeri, C.N., Paschereit, C.O. and Greenblatt, D., “Control of Thick Airfoil Deep Dynamic
Stall Using Steady Blowing,” AIAA Journal, Vol. 53, No. 2, 2015, pp. 277-295. Reproduced with permission.
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4.2 Dynamic Stall

The unsteady angle of attack variations occurring on the rotor blades of vertical axis wind turbines
are unique in the sense that the blades alternately pitch to positive and negative angles of attack.
The pitch rate α̇ = dα/dt is at its maximum when the wing pitches through zero angle of attack,
and this can produce significant hysteresis effects. To date, this scenario characteristic of VAWT
rotor blades has received far less attention than dynamic stall occurring on helicopter blades
and HAWT rotors, both of which are limited to positive angles of attack. The few exceptions
include the experimental studies by Wickens [169] and Angell et al. [170]. In order to shed light
on the hysteresis effects at comparatively high reduced frequencies, a test case representative of
VAWT dynamic stall is described in detail in the following. The maximum angle of attack of 30◦

corresponds to a relatively low tip-speed ratio of λ = 2. Even though the (idealized) angle of attack
profiles typical of VAWT blades increasingly deviate from a sinusoidal motion with decreasing
tip-speed ratio, experimental data for a sinusoidal profile of α = 0◦ + 30◦ · sin(ωt) is presented
here. The vast majority of previous studies of dynamic stall has focused on sinusoidal pitching,
and accordingly a consistent set of parameters has been used to describe the test conditions. For a
given combination of α0 and α1, both α and α̇ at a given phase angle differ between sinusoidal and
idealized VAWT time profiles. Since this would complicate the comparison of the present data with
previous research, it was decided to approximate the conditions on VAWT blades by a sinusoidal
variation of α. As pointed out by McCroskey [71], the qualitative features of deep dynamic stall
are “relatively insensitive to the details of the airfoil motion, airfoil geometry, Reynolds number
and Mach number.” Hence, the simplification of the α profile is expected to have a moderate
quantitative effect and not to appreciably distort the main features.

The phase averaged aerodynamic coefficients are presented as a function of the angle of attack in
figure 4.6 for a Reynolds number of 2.5·105. The quasistatic loads as well as dynamic data for
reduced frequencies of k = 0.036 and k = 0.074 are shown here, the pitch-down motion is indicated
with dashed lines. A matching set of phase-averaged flow field data recorded near center-span with
PIV is presented in figures 4.7 and 4.8 to illustrate the key flow features governing the process
of dynamic separation. The velocity fields are shown in the coordinate system relative to the
airfoil, the instantaneous direction of the free stream is indicated by an arrow located at the axis
of rotation at quarter-chord. The PIV data has a high spatial resolution, the spacing between
neighboring data points is below 1% chord. For the sake of clarity, every third velocity vector is
plotted in both directions. The corresponding phase averaged vorticity distributions, normalized
with respect to the chord length and the free-stream velocity, are indicated with color contours.
In addition, phase averaged surface pressure distributions, which were recorded synchronously
with the PIV data acquisition, are shown in the same plots. The pressure coefficient on the
upper surface is indicated by a dashed line and that on the lower surface by a dotted line. The
direction of the pitching motion is denoted with arrows in the figure captions, arrows facing up
(↗) correspond to increasing α.

It is important to note that it may be misleading to directly compare the reduced frequency in
the present tests with experiments investigating sinusoidal pitching at purely positive angles of
attack. In the latter case, values of α1 in the order of 5◦ to 10◦ are common in the literature,
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(a)

(b)

Figure 4.6: Dynamic stall during high amplitude pitching motion, α = 0◦ + 30◦ · sin(ωt), Re = 2.5 · 105.

whereas here α1 = 30◦. The rate of change of the angle of attack α̇ at a given phase angle, which
is linearly proportional to α1, is of central importance regarding the degree of unsteadiness. This
aspect relating to the “matched pitch rate” concept is explored in further detail in the next section.
At this point, it should suffice to say that the reduced frequency of k = 0.074 considered in the
present case (α1 = 30◦) is roughly comparable to k = 0.15 for amplitudes in the order of α1 = 7.5◦.
In other words, for a given reduced frequency, α̇ is significantly larger for a profile representative of
a VAWT than it would be during measurements at purely positive angles of attack with the same
maximum value of α. With α = 0◦ + 30◦ · sin(ωt), dynamic stall occurs alternately on both sides
of the airfoil. Overall, the curves of cl and cm shown in figure 4.6 are approximately symmetric,
as would be expected of a symmetric airfoil. The deviations between the data recorded at positive
and negative angles of attack are assumed to be caused primarily by the leading-edge control slot
on the upper surface, which was not sealed during these tests.
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The first striking observation that is immediately apparent from the plots of cl in figure 4.6(a)
is the large amount of hysteresis throughout most of the pitching cycle in the case of k = 0.074.
As the airfoil passes α = 0◦ during the pitch-up motion, a lift coefficient of cl ≈ 0.6 is measured,
which corresponds to the lift measured at an angle of attack of α = 5◦ under static conditions.
During the pitch-down, the lift coefficient attains a significant negative value at zero incidence,
here cl ≈ −0.4 at α = 0◦. Previous experiments [169] and numerical simulations [171] investigating
airfoils dynamically pitching about α0 = 0◦ have not shown this effect, presumably because the
reduced frequency is somewhat higher in the present tests. It should also be noted that the
tip-speed ratio of λ = 2 investigated here is relatively small, whereas the studies by Scheurich
and Brown [171] were focused on somewhat larger tip-speed ratios, and thus involved lower
maximum α. A high degree of hysteresis during the pitch-down (decreasing |α|) motion and a
significant delay of reattachment are common features of deep dynamic stall [19, 37]. When tests
are conducted at purely positive incidence angles, α̇ decreases as the angle of attack approaches
its minimum value. Consequently, in most cases previously reported for deep dynamic stall at
moderate reduced frequencies, there is sufficient time for the boundary layer above the suction
surface to reattach before the minimum angle of attack is reached. (The definition of a “moderate”
reduced frequency is somewhat arbitrary, in this context k . 0.2.) However, in the present case of
α = 0◦ + 30◦ · sin(ωt), the pitch rate increases as the wing approaches α = 0◦. With k = 0.036,
the boundary layer starts to reattach from the leading-edge at α ≈ −8◦ (pitch-up) and α ≈ 11◦

(pitch-down) respectively, and the aerodynamic coefficients approach static values near α = 0◦.
At k = 0.074, a significant degree of hysteresis persists and the flow does not fully reattach
before the angle of attack changes its sign. This situation is illustrated in figure 4.8(f), where
the thick boundary layer above the rear portion of the upper surface is still in the process of
reattaching. Slightly thereafter, when the angle of attack has changed its sign and the flow has
fully reattached, the flow field is qualitatively similar to static conditions. For a brief period,
approximately 7◦ < α < 11◦ during the pitch-up motion (and similarly at negative α during
pitch-down), the aerodynamic loads approach quasistatic values. At k = 0.036, the boundary
layer reattaches at an earlier stage and thus the static and dynamic lift curves are comparable
in the range of 0◦ < α < 11◦. The qualitative similarity between static and dynamic data ends
when α becomes large enough for trailing-edge stall to produce a significant effect under static
conditions. In summary, it can be said that with α = 0◦ + 30◦ · sin(ωt), boundary layer separation
is present throughout vast portions of the pitching cycle when the reduced frequency exceeds a
critical value. This indicates a large potential for the use of boundary layer control methods on
VAWTs operating at low tip-speed ratios.

The following discussion of the dynamic stall mechanism is limited to the first half of the pitching
cycle (positive α, 0◦ < φ < 180◦). For simplicity, the term “pitch-up” is used synonymously with
increasing |α| here. Similar observations were made during the pitch-down motion at negative
angles of attack (and vice versa), the deviations between positive and negative α are only discussed
where they are considered relevant. During early stages of the pitch-up motion, the boundary
layer thickness continuously increases across a large portion of the suction surface, and reaches
values in the order of 10% chord at α = 20◦ (figure 4.7(b)). In contrast to static conditions, the
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(a) α = 0◦ ↗

(b) α = 20◦ ↗

(c) α = 24.5◦ ↗

(d) α = 25◦ ↗

(e) α = 25.5◦ ↗

(f) α = 26◦ ↗

Figure 4.7: Phase averaged velocity and vorticity fields and simultaneously recorded phase averaged surface
pressure distributions. Baseline, α=0◦+30◦· sin(ωt), k=0.074, Re=2.5·105.
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(a) α = 26.75◦ ↗

(b) α = 27.5◦ ↗

(c) α = 29◦ ↗

(d) α = 20◦ ↘

(e) α = 10◦ ↘

(f) α = 0◦ ↘

Figure 4.8: Phase averaged velocity and vorticity fields and simultaneously recorded phase averaged surface
pressure distributions. Baseline, α=0◦+30◦· sin(ωt), k=0.074, Re=2.5·105.
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streamlines still follow the airfoil surface and mild reverse flow is limited to a small region close to
the trailing-edge. As the wing pitches up further, flow reversal spreads across the rear half of the
airfoil. At α = 24.5◦, the leading-edge dynamic stall vortex has grown to a size sufficient to make
it clearly detectable as a relatively thin region of concentrated vorticity near the leading-edge.
Unfortunately, the spatial resolution of the flow field measurements with PIV is limited, and the
thin boundary layer in the leading-edge region can not be resolved. In the absence of detailed
experimental data, the mechanism of the formation of the DSV and the exact timing can not be
determined.

A second fundamental change in the flow field is apparent at α = 24.5◦ (figure 4.7(c)): At this
stage, the thick shear layer across the rear half of the airfoil has developed into a large region
of strong vortical flow. The pressure distribution shows a sharp discontinuity at x/c = 22%,
where the strong adverse pressure gradient is followed by a mild favorable pressure gradient.
Downstream of this point, reverse flow near the surface induces relatively low surface pressures.
With increasing angle of attack, the region of vortical flow forms a discrete vortex, which is termed
the “aft dynamic stall vortex” (ADSV) here. It is immediately apparent from a comparison of
the pressure distributions at α = 20◦ and α = 24.5◦ that the low surface pressure induced by the
ADSV produces a strong pressure difference across the rear half of the wing that directly translates
to a negative pitching moment. This is reflected by the moment coefficient shown in figure 4.6(b),
which attains a local minimum of cm = −0.29 at α = 25◦ (k = 0.074) and cm = −0.18 at α = 22.3◦

(k = 0.036) respectively. This drop in cm is very remarkable since the leading-edge DSV (LEDSV;
commonly termed simply “DSV”) is still located upstream of the quarter-chord position at this
stage, and therefore can not be its cause. The formation of the ADSV leads to a double-dip of the
moment coefficient: A first minimum of cm is attained as the ADSV reaches its maximum strength,
followed by a further drop in cm once the leading-edge DSV is convected above the suction surface.
To the author’s best knowledge, the aft dynamic stall vortex has not been described before. The
possible causes of this rare observation under the conditions considered here are explored further
below.

In the early stages after its formation, the leading-edge DSV remains in place at a location of
x/c ≈ 0.2 and grows in size. Simultaneously, the ADSV contracts and a region of relatively high
surface pressure emerges between the two large vortices, presumably as a result of the chord-normal
velocity component induced by the LEDSV. The detachment of the ADSV from the suction surface
(α ≈ 26.5◦) coincides with the beginning of the shedding of the LEDSV. From this point, the
impact of the ADSV on the pressure distribution diminishes, and the ensuing load fluctuations are
dominated by the motion of the region of low surface pressure associated with the LEDSV. As the
dynamic stall vortex is convected across the suction surface, the corresponding “imprint” in the
surface pressure moves downstream, causing a sharp drop in cm. When the LEDSV detaches from
the surface, a strong counter-rotating vortex is shed from the trailing-edge (figures 4.8(a), 4.8(b)).
Finally, the LEDSV is shed into the wake and the complete separation of the boundary layer
above the suction surface leads to a substantial loss in lift. Since these final stages of the shedding
of the LEDSV are barely affected by the ADSV, these observations are in line with established
descriptions of deep dynamic stall.
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The drop of the moment coefficient associated with the formation of the ADSV, which precedes
the moment stall caused by the convection of the leading-edge DSV, has not previously been
documented to the author’s best knowledge. In established descriptions of deep dynamic stall
(see for example [19]), the moment coefficient remains almost unchanged until the shedding of
the LEDSV. However, some evidence of large vortical structures formed above the rear half of
airfoils undergoing deep dynamic stall similar to the ADSV observed here can be found in previous
publications. Fujisawa and Shibuya carried out experiments on a small vertical axis wind turbine
model in a water tunnel [172]. Flow field measurements with PIV and flow visualization by
means of dye injection clearly showed the formation of a large vortex above the rear half of the
NACA 0018 blade prior to the shedding of the LEDSV. However, these tests were carried out at a
Reynolds number of 3,000, which somewhat limits the comparability to the present case. Recent
flow field measurements carried out by this author on a rotating VAWT model equipped with
NACA 0015 blades indicated a large region of vortical flow across the rear half of the suction
surface prior to the shedding of the leading-edge DSV [138]. The Reynolds number range was
comparable to the present case: 50, 000 ≤ Re ≤ 200, 000. However, the ratio of the chord length
and the turbine radius was relatively large (c/R = 0.625) and thus the curvature of the stream
lines may have had a significant impact. Computational studies conducted by Martinat et al.
[173] predicted a large vortex structure forming across the aft part of the suction surface of a
NACA 0012 airfoil dynamically pitching at Re = 106. The vorticity distribution obtained for
α = 23.5◦ with three dimensional computations using DES-Spalart modelling is very similar to
the present experimental results obtained at α = 25◦.

It appears that the ADSV has previously received little attention for two main reasons: (1) It does
not significantly affect the maximum values of the unsteady aerodynamic loads and (2) it occurs
under conditions that differ from the case of helicopter airfoils undergoing dynamic stall, which
has been the focus of most previous research. In the case of α = 0◦ + 30◦ · sin(ωt) discussed above,
cm attains its minimum value of at α = 28◦ (k = 0.074). At this point, the ADSV has already
separated from the airfoil surface and its effect on the pressure distribution is negligible. The
maximum lift coefficient is measured at α = 25◦ and can be attributed in part to the low surface
pressure induced by the ADSV. However, the ADSV is relatively pronounced in this particular
test case. At different values of k and Re, its impact on the maximum lift coefficient was smaller.
In most cases, the peak values of both cl and (negative) cm result from the low surface pressure
induced by the leading edge DSV. The impact of the ADSV is mainly qualitative in nature and
does not noticeably affect the magnitude of the unsteady load excursions. In the context of load
control, mitigating or eliminating the leading-edge dynamic stall vortex was found to be the key
to reducing the fatigue loads [55, 125, 130], and this is also true here. Hypothetically, eliminating
the aft dynamic stall vortex might delay the drop of cm to a later stage but presumably would
not significantly reduce the maximum values of cl and cm.

Some of the experimental parameters in the present study differ significantly from the experiments
commonly found in the literature, and it is consequential to explore these differences to determine
the cause of the formation of the ADSV. The control slots on the upper surface of the present airfoil
model can be ruled out as the source of the phenomenon. The double-dip of cm is also observed at
negative angles of attack (figure 4.6(b)), and similar observations were made with both slots sealed.
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(a) Re = 1.25 · 105

(b) Re = 2.5 · 105

Figure 4.9: Phase averaged cp distributions above the upper surface as a function of the phase angle φ.
α=0◦+30◦· sin(ωt), k=0.074.

The surface pressure distributions (not shown) confirm that in all these cases, the initial drop in
cm was caused by a region of low pressure across the rear half of the wing, which is characteristic
of the ADSV. One might also suspect that the aft dynamic stall vortex stems from the angle
of attack time profile, particularly the relatively large pitch rate between α = 0 and the static
stall angle. However, the comparison of data recorded at α = 0◦ + 30◦ · sin(ωt) with experiments
conducted exclusively at positive α presented in the next chapter shows little qualitative deviations
over the portions of the pitching cycle where α > αs. The reduced frequencies considered in this
work are typical for experimental research of deep dynamic stall. Hence, since the aforementioned
parameters can be ruled out, it appears likely that the formation of the ADSV observed here can
be attributed to the airfoil geometry, the low Reynolds number or the combination of both.

The ADSV could be presumed to be a low Reynolds number effect, as similar phenomena have
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previously been observed at relatively low Reynolds numbers [138, 172]. However, reducing Re
to a value below 2.5 · 105 while maintaining the same value of k does not increase its relative
strength. In fact, data recorded for various angle of attack profiles, Reynolds numbers and
reduced frequencies indicate that the opposite is true. This is illustrated in figure 4.9 based
on a comparison of the case shown in figures 4.6-4.8 with a comparable test case recorded at
Re = 1.25 · 105. The temporal evolution of the phase averaged cp distributions recorded above
the suction surface is shown here from the moment when the airfoil passes α = 0◦ during the
pitch-up motion (φ = 0) until the point where the maximum angle of attack is reached (φ = 90).
Qualitatively, the results are similar: The suction peak close to the leading-edge grows in strength
as α increases. The convection of the LEDSV, which commences at φ ≈ 48◦ (Re = 1.25 · 105) and
φ ≈ 56◦ (Re = 2.5 · 105) respectively, is reflected in the motion of the associated low pressure
region towards the trailing-edge. Starting from the shedding of the DSV into the wake, the flat
pressure distributions indicate boundary layer separation close to the leading-edge. At a Reynolds
number of 2.5 · 105, the ADSV is clearly reflected in a region of low surface pressure that extends
across large portions of the chord and reaches peak negative values of cp ≈ −2 at 0.7 ≤ x/c ≤ 0.85.
At Re = 1.25 · 105, a similar phenomenon is observed but the relative normalized strength of
the low pressure region is far smaller. This may indicate that at the lower Reynolds number,
the ADSV is either weaker or located at a larger distance from the wall. The latter explanation
appears somewhat less likely, as the ADSV was observed to originate from a recirculation region
located close to the airfoil surface. Unfortunately, no flow field data is available that would help
shed light on this aspect. In any case, the impact of the ADSV on the overall aerodynamic loads is
far smaller at Re = 1.25 · 105. This finding is consistent with other data sets recorded at Reynolds
numbers below Re = 2.5 · 105. Due to the mechanical limitations of the airfoil pitching mechanism,
it was not possible to increase the Reynolds number beyond Re = 2.5 · 105 while maintaining
α = 0◦ + 30◦ · sin(ωt) and k = 0.074 and thus, the effect of increasing Re while keeping the other
parameters constant could not be investigated. However, judging from the available experimental
data, the relatively low Reynolds number does not appear to be the reason for its formation.

Since most of the previous observations of similar phenomena were made with relatively thick
airfoils [138, 172], it can be speculated that the NACA 0018 profile used in the present study is
more prone to the formation of the ADSV than thin airfoils commonly considered for helicopter
applications. Under static conditions, thick airfoils are known to stall from the leading-edge at
relatively high angles of attack, which is usually preceded by trailing-edge stall. The reverse flow
and the recirculation region that emerge across the rear half of the airfoil prior to the formation
of the distinct vortex could be regarded as the unsteady counterparts of the trailing-edge stall
typical of thick airfoils. However, since experimental data for other airfoil geometries recorded
under comparable conditions is unavailable, the impact of the airfoil shape on the ADSV remains
speculative at this stage. In summary, the present data does not provide sufficient information to
conclusively determine the cause of the aft dynamic stall vortex.

The impact of the Reynolds number and the reduced frequency on dynamic stall at constant
freestream are illustrated here with representative data to provide the basic framework for the
following sections. The effect of k has been addressed in numerous previous studies, all of which
have shown the same basic trends: Since k is essentially a measure of the degree of unsteadiness,
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(a) (b)

Figure 4.10: Impact of the reduced frequency on deep dynamic stall, α=18◦+7◦· sin(ωt), Re=3·105.

increasing its value while maintaining all other parameters constant leads to more pronounced
deviations from static conditions (see section 2.1.1). These deviations are mainly reflected in a
further delay of boundary layer separation and reattachment as well as larger maximum values of
the aerodynamic coefficients [62, 174]. Since the present results agree well with the established
trends, the impact of k is only discussed briefly here. The phase averaged variations of cl and
cm are shown for a pitching motion of α = 18◦ + 7◦ · sin(ωt) at Re = 3 · 105 in figure 4.10. At
k = 0.01, the lift hysteresis is slightly increased compared to the quasistatic case. The shedding of
the relatively weak dynamic stall vortex produces a brief lift overshoot and a moderate temporal
reduction of cm. When the reduced frequency is increased, the flow remains attached up to
higher angles of attack during the pitch-up motion before the shedding of the DSV, whose relative
strength increases with k, initiates full separation. The reattachment of the boundary layer is
further delayed with increasing reduced frequency, and the peak to peak load excursions are
exacerbated.

Phase averaged experimental data illustrating the effect of the Reynolds number is presented in
figure 4.11. Two pairs of data sets recorded at matching reduced frequencies are shown for a
pitching motion of α = 15◦ + 15◦ · sin(ωt). The impact of the Reynolds number during dynamic
pitching is qualitatively similar to the trends observed under static conditions: Throughout the
range of 1.25 · 105 ≤ Re ≤ 5 · 105 considered in this work, increasing Re leads to a significant
increase in the static stall angle. Correspondingly, for both pairs of matching k, increasing the
Reynolds number causes a delay of the onset of dynamic stall to a higher angle of attack. The
difference is particularly large for k = 0.036, where the peak value of cl is attained at α = 22.5◦

(Re = 2.5 · 105) and α = 27.1◦ (Re = 5 · 105) respectively. In fact, in most test cases considered
in this work, the relative impact of a change in Re on the timing of the formation and shedding
of the dynamic stall vortex is approximately equal to the impact of the corresponding change in
k. The significant Reynolds number dependence highlights the importance of properly isolating
Reynolds number effects in the analysis of the experimental data. It is interesting to note that in
contrast to the process of dynamic flow separation, the boundary layer reattachment is almost

56



4.2 Dynamic Stall

(a)

(b)

Figure 4.11: Reynolds number dependence of deep dynamic stall, α=15◦+15◦· sin(ωt).

independent of Re. Judging from both cl and cm, the timing of the beginning of boundary layer
reattachment during the downstroke and the completion of this process are strongly dependent on
k but almost independent of Re.
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Initially, it was considered to study the impact of the simultaneous variations of the relative
flow speed and the angle of attack by isolating the effects of both parameters. It was surmised
that identifying the individual impact of each parameter and then combining the results could
provide insight into the mechanisms that govern the flow field in the more complex case of a
synchronous variation of both. Fascinating unsteady phenomena with a pronounced impact on the
aerodynamic loads, such as the shedding of a strong vortex during the deceleration phase [90, 91],
have previously been observed on airfoils undergoing high amplitude freestream oscillations at a
constant angle of attack. However, these observations were made at very high reduced frequencies
[91] or at Reynolds numbers several orders of magnitude smaller than those typical of wind turbine
applications [90]. Under the conditions considered in this work, no such unsteady phenomena
were observed during tests involving high amplitude wind speed fluctuations at fixed incidence.
Instead, the flow behaved very similar to steady conditions, with the exception of angles of attack
close to αs(Re), where the Reynolds number dependence of the static stall angle led to alternating
boundary layer separation and attachment in some cases. Even though this effect produced
considerable fluctuations of the aerodynamic loads, it is well predicted from quasistatic data
apart from the timing of the transient separation and reattachment. Furthermore, the Reynolds
number dependence of the static stall angle is far less pronounced at Reynolds numbers in the
order of several million characteristic of commercial wind turbines, and hence this phenomenon
was considered to be of little practical relevance. Studying the impact of the wind speed variation
at a fixed angle of attack was found not to produce meaningful additional information, and hence
this aspect is not addressed in detail in this work. Instead, emphasis is placed on the synchronous
variation of angle of attack and flow speed, which has rarely been investigated to date.

Theoretical descriptions of the impact of a harmonic freestream variation based on the work of
Theodorsen, Isaacs, Greenberg, van der Wall and Leishman (see section 2.1.2) are currently being
validated with the present experimental setup [88]. However, the theoretical models are based
on the assumption of potential flow and require the Kutta condition to be satisfied at all times,
which is certainly not the case during deep dynamic stall. Furthermore, under the conditions
investigated here, the impact of the load deviations resulting from the vortex sheet in the wake is
expected to be relatively small. Quantitatively, the load fluctuations are mainly caused by the
variation of the dynamic pressure: In the case of an amplitude of the freestream oscillations of
λ = 0.5, the minimum and maximum values of q differ by a factor of 9, whereas the maximum
predicted deviation of the lift coefficient induced by the wake vorticity is in the order of 20%
at the highest reduced frequency considered here. Qualitatively, the evolution of the flow field
during dynamic stall is governed by the formation and shedding of the dynamic stall vortex and
the subsequent boundary layer separation. Even if the results of the theoretical models were
applicable to dynamic stall conditions (which is unlikely in light of the violation of the Kutta
condition and the non-harmonic temporal variation of circulation), it would be virtually impossible
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to detect the associated deviations of the pressure distributions and attribute them to the wake
vorticity. An extension of the existing theory to non-harmonic variations of the circulation might
prove worthwhile, but this was not attempted here. Instead, this work focuses on the unsteady
variation of the reduced frequency resulting from the changing flow speed, an aspect which has
not systematically been studied to date to the author’s best knowledge.

In most practical applications involving dynamic stall, a variation of the relative flow speed is
observed simultaneously with the change in angle of attack. The impact of the synchronous
variation of both parameters is investigated here at large amplitude oscillations of the wind tunnel
speed. With the louver mechanism producing the temporal changes of U∞ and the airfoil pitching
mechanism operating independently, the phase shift between α and U∞ can be varied without
difficulty. As in the previous sections (and throughout this entire work), the phase angle φ is
defined in such a way that the angle of attack varies sinusoidally with φ, such that the maximum
value of α is always attained at φ = 90◦. The flow speed variation is defined by

U∞(φ) = U∞ [1 + λ · sin(ωt− τ)] , (5.1)

where U∞ is the mean wind tunnel speed, λ is the amplitude of the sinusoidal flow speed oscillations
and τ is the phase shift relative to the pitching motion. With the louver vane geometry used in
the present study, a maximum value slightly larger than λ = 0.5 can be achieved, meaning that
the maximum wind tunnel speed is three times as large as the minimum value. The unsteady
variation of U∞ has a direct impact on several key parameters, which are now a function of the
phase angle:

Re(φ) = U∞(φ)c
ν

, (5.2)

q(φ) = 1
2ρU

2
∞(φ) , (5.3)

M∞(φ) = U∞(φ)
cs

. (5.4)

The expressions for the unsteady Reynolds number and dynamic pressure are equivalent to the
definitions for constant inflow conditions. Equations 5.2 and 5.3 are valid as long as the flow speed
is not a function of the streamwise position (in which case U∞ would vary along the airfoil chord).
The same is true for the free-stream Mach number M∞, which is included here for completeness.
Detailed measurements utilizing hot wire probes have shown that the phase angle of the wind
speed oscillations does not vary appreciably within the test section [161] and thus equations 5.2 -
5.4 are expected to correctly represent the instantaneous inflow conditions. The nominal reduced
frequency, which provides a “mean” scalar value for the entire cycle, is defined based on the mean
wind-tunnel speed as

kn = πfc

U∞
. (5.5)
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Figure 5.1: Angle of attack α (black line) and wind
tunnel speed U∞ (colored lines) during a
simultaneous variation of both with
α=0◦+30◦· sin(ωt), Re=2.5·105, λ=0.5.

This is consistent with the definition of k
commonly used to describe dynamic stall at
a constant freestream. However, in the case
of flow speed oscillations, kn is insufficient to
represent the degree of unsteadiness through-
out the entire cycle. As will be shown below,
the flow can be described more accurately
by introducing an instantaneous reduced fre-
quency that varies as a function of the phase
angle.

The wide range of observations that have
been documented for dynamic stall at a con-
stant inflow velocity testify to the significant
complexity of this phenomenon. The simul-
taneous variation of U∞ further complicates
the situation. The large number of addi-
tional parameters that vary dynamically in
this case makes it challenging to assess the
individual impact of each one of them, let
alone provide a complete and general assessment of their relative significance for various flow
conditions determined by α0, α1, kn, Re, Ω and τ . Accordingly, the following discussion is limited
to some main aspects, which inevitably have to be treated with a certain degree of simplification.
The main goal of this investigation is to provide useful information for practical applications, where
the amplitude of the load oscillations and the associated fatigue damage are the main concern.
Hence, the following discussion is focused on parameters that have a significant impact on the
aerodynamic loads. The maximum freestream Mach number during these tests was M∞ ≈ 0.05
and thus compressibility effects are neglected.

Experiments involving simultaneous sinusoidal oscillations of α and U∞ were carried out for a
wide range of experimental conditions, covering four different combinations of α0 and α1 at two
frequencies, namely f = 0.37Hz and f = 0.75Hz. For each case, unsteady wind speed fluctuations
were generated at eight different values of the phase shift: τ = 0◦, 45◦, ... 315◦. An amplitude of
λ = 0.5 was selected in all cases to maximize the degree of freestream unsteadiness. In addition,
data was recorded at five (or more) corresponding constant wind tunnel speeds ranging from the
minimum value obtained during the unsteady variations (1− λ) · U∞ = 5.6m/s (Re = 1.25 · 105)
to the maximum value (1 + λ) · U∞ = 16.7m/s (Re = 3.75 · 105). This data is used as a steady
flow reference to quantify the impact of the unsteady variation of U∞.

The case of a high-amplitude pitching motion with α = 0◦ + 30◦ · sin(ωt), which is similar to
the idealized angle of attack profile of a VAWT operating at a tip-speed ratio of TSR = 2, is
presented here in detail. The nominal reduced frequency based on the mean freestream velocity
was kn = 0.036. The relatively large maximum angle of attack ensures deep dynamic stall, which
guarantees that the data obtained for various values of τ is qualitatively comparable. (This is
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not the case with α = 10◦ + 10◦ · sin(ωt), where the Reynolds number dependence was significant
and the shedding of a dynamic stall vortex was not observed when Re was sufficiently high at
αmax = 20◦.) The inflow conditions are presented in figure 5.1, where the angle of attack (black
line) and the freestream velocity (colored lines) are plotted as a function of the phase angle. The
values of τ shown here were selected to match the constant freestream reference data throughout
the relevant ranges of the phase angle: The process of dynamic stall is initiated on the upper
surface at approximately φ = 40◦ as the static stall angle is exceeded. (Off course, this is a
somewhat crude approximation, since there is no fixed point of the initiation of dynamic stall, and
also because αs is strongly dependent on Re.) At φ = 45◦, the unsteady freestream matches the
minimum value of U∞ = 5.6m/s (τ = 135◦), the mean value U∞ = 11.1m/s (τ = 225◦) and the
maximum value U∞ = 16.7m/s (τ = 315◦) respectively. During the pitch-down motion, dynamic
stall is initiated at roughly φ ≈ 220◦. Here, the minimum, mean and maximum values are matched
at φ ≈ 225◦ by τ = 315◦, 225◦ and 135◦ respectively. Matching the wind tunnel speed, and thus
the Reynolds number, throughout the range of φ where dynamic stall is initiated allows for a
separate analysis of the effect of the Reynolds number and the reduced frequency.

5.1 Quasistatic Interpolation Approach

In order to facilitate the comparison of data obtained at constant and oscillating flow speeds,
an interpolation approach is introduced here. At each phase angle, the aerodynamic coefficients
recorded at constant flow speeds are linearly interpolated based on the instantaneous Reynolds
number, providing a quasi-steady reference for the unsteady measurements:

C(φ) = C(Re1) + [C(Re2)− C(Re1)] · Re(φ)−Re1
Re2 −Re1

, (5.6)

where C stands for an arbitrary aerodynamic coefficient (cd, cl or cm) and Re1 and Re2 are the
two Reynolds numbers from measurements at constant wind tunnel speeds that are the closest
to the instantaneous value Re(φ) in the unsteady case: Re1 < Re(φ) < Re2. The aerodynamic
loads are calculated by multiplying the coefficients determined from the interpolation with the
instantaneous dynamic pressure:

L(φ) = cl(φ)cq(φ) , (5.7)
M(φ) = cm(φ)c2q(φ) . (5.8)

By definition, the interpolation predicts the aerodynamic loads that would occur if Re(φ) and
k(φ) were to change in a quasistatic way. Unsteady effects resulting from the dynamic variation of
U∞ are not accounted for by the interpolation. Therefore, in principle, a comparison of measured
unsteady data and the quasistatic predictions can help identify such unsteady phenomena. In
practice, however, such a comparison turns out to be difficult to make, as the validity of the
interpolation approach is limited for several reasons:

• The linear interpolation of aerodynamic coefficients introduces an error because of the
non-linear Reynolds number dependence of said coefficients. This error can be reduced
quantitatively by increasing the number of data sets used for the interpolation, which off
course increases the data acquisition effort.
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• Throughout the portions of the cycle where transient processes such as the shedding of
the DSV occur, qualitatively different flow fields are interpolated. The same is true for
light dynamic stall, where the Reynolds number dependence of αs leads to fundamental
differences in the stalling behavior.

• In the case of unsteady freestream oscillations, the dynamic pressure used to normalize the
aerodynamic loads is a function of the phase angle, and this can have a notable effect on the
aerodynamic coefficients. When U∞ decreases during the shedding of the DSV, for instance,
its relative strength is normalized with a lower value of q(φ) by the time it has reached the
trailing-edge region, leading to a large non-dimensional strength of the induced low pressure
region. This effect is not accounted for by the quasistatic predictions.

It is crucial to assess the relative impact of these potential sources of error before drawing conclu-
sions from the quasistatic approximation. When a sufficient number of reference measurements
recorded at constant freestream are available, the interpolation approach was found to provide
a useful reference, given that the interpolated data is qualitatively similar. This can be verified
without difficulty by a comparison with the data obtained at constant U∞.

Quantitatively, the interpolation provides a good estimate of the effect of the varying freestream
in most cases. This is illustrated here based on the test cases shown in 5.1. The lift per unit span
and the moment per unit span are presented in figure 5.2 for a phase shift of τ = 315◦ along with
matching data recorded at constant wind tunnel speeds. The results clearly demonstrate that the
dynamic pressure is the dominant factor determining the dimensional loads. Here, the amplitude
of the freestream oscillations is λ = 0.5 and thus the minimum and maximum dynamic pressure
differ by a factor of 9, the phase averaged values are in the range of 18Pa ≤ q ≤ 161Pa. The values
of L and M recorded at an unsteady freestream clearly reflect the variation of q. Furthermore, it
can be seen that the loads are very similar to those obtained at the maximum and minimum wind
tunnel speeds over the range of phase angles where U∞(φ) matches the respective constant values
(τ ≈ 45◦ and τ ≈ 225◦).

Based on the measured time profiles of U∞ shown in figure 5.1 and the data recorded at constant
flow speeds (figure 5.2), the aerodynamic loads were estimated using the interpolation algorithm.
The predictions (dashed lines) are presented in figure 5.3 along with the measured results (solid
lines). The agreement is very good, especially in light of the fact that only five data sets for constant
flow speeds were used for the interpolation. The quasistatic interpolation approach accounts for
the instantaneous value of q and thereby provides accurate predictions of the maximum values of
L and M . The details of the unsteady loads following dynamic stall, such as the fluctuations of L
and M resulting from the shedding of secondary spanwise vortex structures following boundary
layer separation, are not predicted as accurately. The physical frequency of the vortex shedding
at high angles of attack increases with decreasing U∞ (which is expected when one assumes a
constant Strouhal number of the shedding phenomenon). Therefore, the phase of said fluctuations
varies with U∞, and the information produced by the interpolation does not have a physical
meaning. Nevertheless, the lift overshoot and the sharp drop of the pitching moment caused by the
dynamic stall vortex, which are by far the strongest unsteady load excursions observed throughout
the cycle, are predicted very accurately. This finding is relevant from a practical perspective:
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(a) τ = 135◦

(b) τ = 225◦

Figure 5.2: Aerodynamic loads measured at various wind tunnel speeds, α=0◦+30◦· sin(ωt).

While there are very few wind tunnel facilities capable of producing the experimental conditions
studied here, a vast database of experimental results is available for dynamic stall for various
airfoil geometries, reduced frequencies and Reynolds numbers. The relatively simple interpolation
approach presented here could therefore be useful for the prediction of unsteady loads acting upon
wind turbine blades that would be hard to simulate or determine experimentally. This approach
may help improve the accuracy of fatigue load calculations during the design process of turbine
blades.

5.2 Unsteady Variation of the Reduced Frequency

Previous experimental studies of dynamic stall during an unsteady freestream [91, 92] have
maintained the classical definition the reduced frequency (equation 5.5). However, the present
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(a) τ = 135◦

(b) τ = 225◦

Figure 5.3: Comparison of predicted and measured aerodynamic loads, α=0◦+30◦· sin(ωt),
Re = 2.5 · 105 [1 + 0.5 sin(ωt− τ)].

results suggest that defining a phase-dependent reduced frequency

k(φ) = πfc

U∞(φ) (5.9)

provides a far better description of the instantaneous flow conditions than the nominal value based
on the mean flow speed. In the case of incidence oscillations at constant freestream, k essentially
defines the ratio between the intrinsic vortex convection time scale c/U∞ and the external
perturbation time scale T = 2π/ω [175]. The excellent agreement between the aerodynamic loads
recorded with different angle of attack profiles that were compared based on the concept of the
matched pitch rate [62] have shown that it is this ratio rather than the nominal value of k that
determines the details of dynamic stall. In the tests conducted by McCroskey et al., where the
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aerodynamic coefficients during dynamic stall agreed very well for different angle of attack profiles,
the nominal value of the reduced frequency differed significantly; the profiles were matched by
keeping α1k

2 constant. However, α̇ was almost identical for both profiles throughout the portion
of the cycle where dynamic stall occurred. The rationale behind introducing k(φ) is based on the
common observation that unsteady flow phenomena occur at comparable non-dimensional time
scales when normalized with an appropriate characteristic flow speed, which is the freestream
velocity in this case. It is assumed here that, as long as the Reynolds number dependence is
neglected, the timing and duration of transient phenomena such as the dynamic delay of stall, the
convection of the DSV across the airfoil surface and the deferred boundary layer reattachment
during pitch-down occur over similar normalized time scales.

In the case of sinusoidal freestream oscillations, the instantaneous vortex convection time scale
tconv is a function of the phase angle:

tconv = c

U∞(φ) = c

U∞ · [1 + λ sin(φ− τ)]
(5.10)

and the reduced frequency from equation 5.9 becomes

k(φ) = πfc

U∞ · [1 + λ sin(φ− τ)]
. (5.11)

The instantaneous reduced frequency calculated from the experimental data is presented in figure
5.4. The flow speed variation also has direct implications for the instantaneous non-dimensional
pitch rate, which is defined as

α̇∗ =
[dα

dt

]
· c

U∞(φ) . (5.12)

During the pitch-up motion, the angle of attack passes the static stall angle at φ ≈ 45◦ (note
however that the exact phase angle varies for the different values of τ due to the Reynolds number
dependence of αs). At this stage, the non-dimensional pitch rate α̇∗ is by far the largest for
τ = 135◦ since U∞ is close to its minimum here. This is also reflected in a high value of the
instantaneous reduced frequency of k(φ = 45◦) ≈ 0.07. The opposite is the case for τ = 315◦,
where the freestream velocity is close to its maximum and accordingly, k(φ = 45◦) ≈ 0.025. When
dynamic stall occurs on the other side of the airfoil during the pitch down motion, the opposite is
the case: Here the normalized pitch rate is the largest for τ = 315◦, suggesting that the dynamic
delay of stall should be the most pronounced, whereas it is the smallest for τ = 135◦.

In the following, the validity of the assumption of a varying reduced frequency is assessed based
on the measured aerodynamic coefficients. Before the discussion of the experimental data, the
physical meaning of the predictions obtained with the interpolation algorithm should be appre-
ciated. In addition to the assumption that the unsteady variation of the Reynolds number can
be approximated in a quasistatic way, the interpolation also implicates a quasistatic variation
of the reduced frequency: Interpolating data sets recorded at the same physical frequency and
different U∞ automatically implies a variation of k. In fact, aside from the slight error associated
with the linear interpolation, the quasistatic interpolation approach assumes the same transient
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Figure 5.4: Reduced frequency as a function of the
phase angle, kn = 0.036, α=0◦+30◦· sin(ωt),
Re = 2.5 · 105 [1 + 0.5 sin(ωt− τ)].

variation of k as determined by equation
5.9. For the test cases shown in figure 5.2, k
ranges from 0.024 to 0.074, which is a clearly
significant difference regarding the degree of
unsteadiness.

Phase averaged aerodynamic coefficients ob-
tained for the test cases depicted in figure 5.1
are compared to those recorded at the cor-
responding minimum, mean and maximum
values of U∞ in figures 5.5, 5.6 and 5.7. As
discussed in chapter 4, the Reynolds number
and reduced frequency, as affected by the
instantaneous flow speed, have a converse
impact on the delay of stall: At compara-
tively small flow speeds, k is relatively high,
leading to a longer delay of the formation
and shedding of the DSV. This is counter-
acted by the small Reynolds number that
promotes early boundary layer separation.
In the range of 1.25 ·105 < Re < 3.75 ·105, the Reynolds number effect is approximately commensu-
rate with the impact of the reduced frequency for the case of k = 0.036 shown here. The shedding
of the dynamic stall vortex, which roughly coincides with the peak values of cl, is initiated at
virtually the same angle of attack irrespective of U∞ at both positive and negative incidence
(α ≈ 23◦ and α ≈ −22.5◦ respectively). At higher reduced frequencies, the relative impact of k is
larger than that of Re, and thus the shedding of the DSV is delayed further at lower freestream
velocities (not shown).

The sharp excursions of cl and cm resulting from dynamic stall at an unsteady freestream are
strikingly similar to the corresponding data obtained at the matching constant flow speeds in
all three cases. This close similarity is also supported by the phase averaged surface pressure
distributions (not shown), which indicate that the shedding of the DSV, evidenced by the motion
of the associated low pressure region, is initiated at virtually the same phase angle as in the cases
with constant U∞. With τ = 135◦, the variations of cl and cm during dynamic stall at positive
incidence (40◦ . φ . 70◦) match the case of Re = 1.25 · 105, k = 0.074, see figure 5.5. The
maximum lift coefficient is significantly larger than in the other cases, which can be attributed
to the high instantaneous reduced frequency at this stage. The fact that the DSV is shed at
approximately the same phase angle as in the other cases despite the small Reynolds number
also supports the assumption that k(φ ≈ 45◦) > kn. The maximum negative moment coefficient
is attained later than in the tests at higher constant freestream velocities due to the smaller
convective velocity. This difference in the load histories was already pointed out by Pierce et al.
[36], who stated that the propagation of vortices in the wake is directly related to the instantaneous
local air speed and that this has a direct impact on the time profiles of the aerodynamic loads. The
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(a)

(b)

Figure 5.5: Impact of the varying flow speed on the aerodynamic coefficients during dynamic stall,
α=0◦+30◦· sin(ωt), Re = 2.5 · 105 [1 + 0.5 sin(ωt− 135◦)].

dynamic stall vortex is typically convected at approximately 35%− 50% of U∞. When dynamic
stall occurs at negative incidence (220◦ . φ . 250◦), the unsteady freestream attained with
τ = 135◦ matches the case of Re = 3.75 · 105, k = 0.024, and once again the data obtained with
an unsteady flow speed agrees very well with the corresponding constant case.

Not surprisingly, the data obtained with a phase shift of τ = 315◦ (figure 5.7) is qualitatively
similar to the case of τ = 135◦. Here, the unsteady freestream matches Re = 3.75 · 105, k = 0.024
at φ = 45◦ and Re = 1.25 · 105, k = 0.074 at φ = 225◦. Essentially, the only difference between
τ = 135◦ and τ = 315◦ is that the maximum and minimum freestream velocity are attained
when dynamic stall occurs on opposite airfoil surfaces; the slight quantitative differences can be
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(a)

(b)

Figure 5.6: Impact of the varying flow speed on the aerodynamic coefficients during dynamic stall,
α=0◦+30◦· sin(ωt), Re = 2.5 · 105 [1 + 0.5 sin(ωt− 225◦)].

attributed to the presence of the control slot above the upper surface.

With a phase shift of τ = 225◦, the situation is fundamentally different from the aforementioned
cases. Here, the unsteady freestream matches the mean value of U∞ = 11.1m/s over the range
of phase angles where dynamic stall occurs. However, the transient change of the flow speed
at these stages is significant: At positive α (40◦ . φ . 70◦) the flow decelerates, leading to a
reduction of the Reynolds number, whereas at negative incidence, the Reynolds number increases
throughout the portion of the cycle where dynamic stall occurs (220◦ . φ . 250◦). The data
presented in figure 5.6 shows a good agreement between the load excursions measured with the
unsteady freestream and the corresponding case of Re = 2.5 · 105, k = 0.036. The amplitude

69



5 Dynamic Stall During Unsteady Inflow

(a)

(b)

Figure 5.7: Impact of the varying flow speed on the aerodynamic coefficients during dynamic stall,
α=0◦+30◦· sin(ωt), Re = 2.5 · 105 [1 + 0.5 sin(ωt− 315◦)].

and timing of the excursions of cl and cm produced by the dynamic stall vortex agree well at
both positive and negative angles of attack, indicating that at the relatively low nominal reduced
frequency considered here, the transient variation of the freestream does not produce significant
unsteady effects. At higher values of kn, however, the dynamic variation of the Reynolds number
causes considerable deviations, which are discussed further below.

The above observations confirm the hypothesis of a phase angle dependence of the reduced
frequency. This finding is also supported by the good agreement between the measured data and
the predictions based on the quasistatic interpolation, which implies a transient variation of k.
The similarity between aerodynamic loads measured at oscillating flow speeds and those recorded
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5.2 Unsteady Variation of the Reduced Frequency

Figure 5.8: Reynolds number dependence of light dynamic stall, α=10◦+10◦· sin(ωt).

at a matching constant freestream is not limited to the case of deep dynamic stall discussed
above, it also generally holds true for light dynamic stall. This is illustrated here for a pitching
motion of α = 10◦ + 10◦ · sin(ωt). The phase averaged lift coefficient recorded at a fixed frequency
of f = 0.75Hz at various constant flow speeds is presented in figure 5.8. Here, the Reynolds
number dependence of αs leads to fundamental differences in the stalling behavior. When Re is
sufficiently large, the location of turbulent boundary layer separation above the suction surface
moves upstream as α approaches its maximum value (not shown), but the flow remains attached
up to x/c ≈ 0.25 throughout the entire cycle and no vortex shedding is observed. During the
pitch-down motion, the location of turbulent separation gradually moves downstream until it
reaches the trailing-edge at φ ≈ 200◦. In contrast, at Re < 3 · 105 a dynamic stall vortex is shed
whose relative strength increases with increasing k.

When the wind tunnel speed is oscillating at U∞ = 11.1m/s [1 + 0.5 sin(ωt− τ)] (corresponding
to Re = 2.5 · 105), the qualitative differences in the stalling behavior caused by the Reynolds
number dependence lead to strong history effects: As long as Re is sufficiently large at αmax for
complete separation not to occur, the flow remains attached during the pitch-down motion even
when Re decreases below 3 ·105 shortly thereafter. The opposite is true when Re is below 3 ·105 at
maximum incidence; in this case dynamic stall occurs and the boundary layer remains separated
up to φ ≈ 180◦. These Reynolds number history effect are not predicted by the quasistatic
interpolation approach, leading to significant errors of the predictions for some values of τ (not
shown). Nevertheless, as in the case of deep dynamic stall discussed above, the stalling behavior
at an unsteady freestream is essentially determined by the instantaneous value of U∞ during
the final stages of the pitch-up motion. This is illustrated in figure 5.9, where the aerodynamic
coefficients are plotted over the relevant range of phase angles for two unsteady test cases and
matching data recorded at constant U∞. With τ = 135◦, the minimum flow speed is attained at
φ = 45◦, and hence the instantaneous reduced frequency is twice as large as the nominal value
here: k(φ = 45◦) = 0.074 for kn = 0.036 and k(φ = 45◦) = 0.15 for kn = 0.074. Accordingly,
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(a) τ = 135◦

(b) τ = 135◦

(c) τ = 315◦

(d) τ = 315◦

Figure 5.9: Comparison of aerodynamic coefficients recorded at constant and oscillating freestream,
α = 10◦ + 10◦ · sin(ωt).

based on the hypothesis of a varying reduced frequency, the flow field is expected to be similar
to cases recorded at constant U∞ with k = 0.074 and k = 0.15. The comparison of cl and cm in
figures 5.9(a) and 5.9(b) indicates that this is more or less true. For instance, the aerodynamic
coefficients recorded at an unsteady freestream at a nominal reduced frequency of kn = 0.074 are
relatively similar to the case of a constant flow speed with k = 0.15. When the phase shift between
the pitching motion and the wind tunnel speed is τ = 315◦, the maximum flow speed is obtained
at φ = 45◦, and hence the instantaneous reduced frequency is only 2/3 of the nominal value. In
this case, no shedding of the dynamic stall vortex is observed, and once again the instantaneous
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reduced frequency provides a very good description of the transient loads (figure 5.9(c) and 5.9(d))
However, it should be noted that in the case of τ = 180◦ and kn = 0.074, significant deviations
from the quasistatic predictions arise as the result of the unsteady flow speed variation, this is
shown in detail in section 5.4.

In summary, it can be said that in the absence of Reynolds number history effects (which were only
observed for light dynamic stall here), the mechanism of dynamic stall at an oscillating freestream
can be approximated very well based on data obtained at constant flow speeds, especially at
moderate reduced frequencies kn < 0.05. This finding is equivalent with the statement that the
effects of both the instantaneous Reynolds number and the instantaneous reduced frequency can
be predicted based on quasistatic assumptions. The reduced frequency effectively changes as a
function of the phase angle, and thus the non-dimensional pitch rate α̇∗ provides a far better
description of the instantaneous flow than the commonly used pitch rate dα/dt. This is true both
for the timing and severity of the load excursions resulting from dynamic stall and for the details
of the boundary layer reattachment.

5.3 Matched Inflow

The observation by McCroskey et al. that the details of dynamic stall are almost identical for
different angle of attack profiles as long as the rate of change α̇ is matched for α > αs can be
exploited for the prediction of fatigue loads acting on wind turbine blades. So far, very few
experimental studies have examined dynamic stall under conditions representative of vertical axis
wind turbines, where the angle of attack is alternately positive and negative. In the absence
of appropriate experimental data, predictions of the unsteady loads during dynamic stall are
often based on data recorded exclusively at positive α, see for example [176]. The validity of
this approach is tested here based on a comparison of various matched angle of attack profiles.
Subsequently, the existing concept of the matched pitch rate is extended to the more general case
of a simultaneous fluctuation of α and U∞. It should be noted that for the experiments presented
in this section, both control slots were sealed with adhesive tape (thickness 75µ) to reduced the
impact of the surface discontinuity. In addition, tape was also attached to the lower airfoil surface
at the chordwise position of the leading-edge control slot to improve the symmetry.

5.3.1 Matched Pitch Rate

The first step of extending the known matched pitch rate concept to the inflow conditions
representative of VAWTs is to test its validity for high amplitude angle of attack profiles with
α0 = 0◦, where dynamic stall alternately occurs on both airfoil surfaces. As shown in section
4.2, the boundary layer can remain separated throughout most of the cycle in this case, which
could potentially render the approximation with measurements at purely positive incidence invalid.
This aspect was explored with measurements at a constant wind tunnel speed of U∞ = 13.3m/s
for three different combinations of α0 and α1, all of which yield a maximum angle of attack of
αmax = 25◦. McCroskey et al. suggested to match angle of attack time profiles by maintaining a
constant value of α1k

2 [62]. In the present case, a slightly different approach was chosen; here the
frequencies were adjusted in such a way that the time interval between the point where the angle
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frequency red. freq. pitching motion Reynolds number

f = 0.81Hz k = 0.066 α = 0◦ + 25◦ Re = 3 · 105

f = 1.17Hz k = 0.096 α = 12.5◦ + 12.5◦ Re = 3 · 105

f = 1.64Hz k = 0.135 α = 18◦ + 7◦ Re = 3 · 105

Table 5.1: Test cases where the pitch rate is matched for α ≥ 20◦.

of attack exceeds αs (which was assumed to be 20◦ irrespective of Re for simplicity) and αmax
remained the same. The rationale behind this approach is that the best similarity is achieved when
the timing of the inflow conditions is matched throughout the portion of the cycle where dynamic
stall occurs. This slight difference becomes relevant when the flow speed is varied synchronously
with the angle of attack and the unsteady variation of the reduced frequency needs to be accounted
for. For incidence variations at a constant freestream, the difference between the present approach
and the definition based on α1k

2 is negligible. The details of the three test cases compared here
are shown in table 5.1. The time profiles of α are plotted as a function of dimensionless time
U∞t/c in figure 5.10(a), the interval where the pitch rate is matched for the different profiles is
indicated by dashed lines.

The phase averaged results for cl, cm and cd presented in figures 5.10(b)-(d) reveal an excellent
agreement of the aerodynamic loads during dynamic stall: Both the timing and the magnitude
of the load excursions are almost identical over the range of matched α̇ irrespective of the angle
of attack profile. This suggests that the matched pitch rate concept can in fact be extended to
incidence oscillations including negative α. The slight deviations during the pitch-up motion
can best be explained based on figure 5.11, where cl is plotted as a function of the angle of
attack for the same data sets. This representation shows that in the case of α = 0◦ + 25◦, flow
separation leads a non-zero lift coefficient when the airfoil pitches through α = 0◦. In contrast,
with α = 12.5◦ + 12.5◦, the airfoil decelerates as it approaches zero incidence, and the boundary
layer has fully attached by the time α = 0◦ is reached. This difference is limited to small angles of
attack; once the flow has fully reattached in the case of α = 0◦ + 25◦ (α > 8◦) the aerodynamic
loads measured for the aforementioned profiles are virtually identical. This is not true, however,
in the case of α = 18◦ + 7◦, where α is never small enough for the flow to fully reattach. Here,
turbulent boundary layer separation persists in the trailing-edge region throughout the entire
cycle, leading to a lesser lift during the pitch-up motion. Nevertheless, the agreement with the
other test cases is excellent starting from the point where dynamic stall is initiated.

Similar tests at constant wind tunnel speeds were also conducted for αmax = 30◦ and at various
other Reynolds numbers and reduced frequencies (not shown). The results were comparable to
those exemplified in figures 5.10 and 5.11 in all cases: As long as the minimum angle of attack of
the pitching motion at purely positive incidence is sufficiently small for the boundary layer to
temporarily reattach, the matched pitch rate concept provides very good predictions of the load
excursions during a pitching motion with α0 = 0◦. Significant deviations occur at small angles
of attack. However, when the goal is to predict the performance of a vertical axis wind turbine,
these deviations are of little importance: The differences in cl at small incidence are virtually
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(a)

(b)

(c)

(d)

Figure 5.10: Angle of attack profiles matched at α ≥ 20◦ and resulting phase averaged aerodynamic
coefficients, Re = 3 · 105.

insignificant since the lift only translates to a small torque here. At low tip-speed ratios, the
differences in drag are also negligible from a turbine performance perspective, as the drag at small
angles of attack is dwarfed by the large pressure drag associated with flow separation at high
angles of attack.

5.3.2 Synchronously Matched Pitch Rate and Flow Speed

As discussed in chapter 5.2, dynamic stall at an unsteady flow speed can be described well based
on the instantaneous reduced frequency k(φ) and the instantaneous Reynolds number Re(φ). This

75



5 Dynamic Stall During Unsteady Inflow

Figure 5.11: Phase averaged lift coefficient attained with angle of attack profiles matched at α ≥ 20◦,
Re = 3 · 105.

finding and the concept of the matched pitch rate share a fundamental similarity: Both concur
with the more general statement that the details of deep dynamic stall are essentially determined
by the instantaneous conditions over a limited portion of the cycle, whereas the previous flow
history has little impact. The validity of this more general formulation is not limited to the case
of moderate reduced frequencies, where unsteady effects do not play a significant role. It was
hypothesized that the matched pitch rate concept can generally be extended to an oscillating
freestream by matching α̇∗. However, the Reynolds number dependence is significant at the
conditions considered in this work, and attempting to maintain α̇∗ at different values of Re was
not expected to yield a good agreement. Hence, both α̇∗ and Re are matched over the relevant
portions of the cycles.

This novel approach termed “matched inflow” was tested under conditions representative of VAWT
rotor blades operating at relatively small tip-speed ratios. The idealized inflow conditions for
TSR=2 illustrated in figure 1.2 were approximated with sinusoidal oscillations of α and U∞
by reproducing the amplitude of the pitching motion (α1 = 30◦) and the oscillations of the
relative flow speed (λ = 0.5). In addition, a test case with a smaller maximum incidence angle of
α1 = 25◦ was also considered. On VAWTs operating at low tip-speed ratios, dynamic stall occurs
twice during each cycle: Throughout the upstream half-cycle (0◦ < Θ < 180◦, cases C and D),
the relative flow speed continuously decreases; this is represented by a phase shift of τ = 270◦.
Dynamic stall on the downstream half-cycle (180◦ < Θ < 360◦, cases A and B) was also modeled
at positive α for the sake of comparability, however in this case the relative flow speed decreases,
which is represented by τ = 90◦.

The details of all test cases are listed in table 5.2. The matched inflow concept was implemented
by considering incidence oscillations at exclusively positive angles of attack, where both α̇ and
U∞ were matched between α = 20◦ during the pitch-up and αmax, as indicated with dashed gray
lines in figure 5.12. Thus, throughout this region, all relevant parameters (α, α̇, α̇∗, k, Re and q)
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test case frequency red. freq. pitching motion Reynolds number profile

A1 f = 0.81Hz kn = 0.066 α = 0◦ + 25◦ · sin(ωt) Re = 3 · 105 · [1 + 0.5 · sin(ωt− 90◦)]

A2 f = 1.17Hz kn = 0.109 α = 12.5◦ + 12.5◦ · sin(ωt) Re = 2.65 · 105 · [1 + 0.38 · sin(ωt− 70◦)]

B1 f = 0.81Hz kn = 0.066 α = 0◦ + 30◦ · sin(ωt) Re = 3 · 105 · [1 + 0.5 · sin(ωt− 90◦)]

B2 f = 1.17Hz kn = 0.109 α = 15◦ + 15◦ · sin(ωt) Re = 2.65 · 105 · [1 + 0.38 · sin(ωt− 70◦)]

C1 f = 0.81Hz kn = 0.066 α = 0◦ + 25◦ · sin(ωt) Re = 3 · 105 · [1 + 0.5 · sin(ωt− 270◦)]

C2 f = 1.17Hz kn = 0.086 α = 12.5◦ + 12.5◦ · sin(ωt) Re = 3.35 · 105 · [1 + 0.3 · sin(ωt− 250◦)]

D1 f = 0.81Hz kn = 0.066 α = 0◦ + 30◦ · sin(ωt) Re = 3 · 105 · [1 + 0.5 · sin(ωt− 270◦)]

D2 f = 1.17Hz kn = 0.086 α = 15◦ + 15◦ · sin(ωt) Re = 3.35 · 105 · [1 + 0.3 · sin(ωt− 250◦)]

Table 5.2: Test cases where the pitch rate and flow speed are simultaneously matched for 20◦ ≤ α ≤ αmax.

coincide. The angle of attack and the measured, phase averaged wind tunnel speed are plotted
here as a function of time with t = 0 at αmax.

The experimental results obtained under these conditions provide new information regarding the
matched inflow concept, the distinctive features of dynamic stall on VAWTs and the impact of
the transient wind speed variation. The phase averaged lift coefficient and moment coefficient
are presented in figures 5.13 and 5.14. In all cases, there is a very good agreement between
the results obtained under conditions representative of VAWT blades and the corresponding
approximations derived by matching α, Re and k at purely positive incidence. Throughout the
range of phase angles where the inflow conditions were matched, the transient development of the
pressure distributions is virtually identical in both cases (not shown). This is reflected in a close
agreement of the aerodynamic coefficients. These observations provide evidence for the assumption
that the details of dynamic stall are almost exclusively determined by the instantaneous values
of α̇, k and Re, whereas the preceding transient development of the boundary layer is virtually
insignificant. Mulleners and Raffel suggested to describe the details of an airfoil’s motion by a
single representative parameter, the normalized effective unsteadiness α̇sc/U∞ [37]. Aside from
the Reynolds number dependence observed here, this approach produces an excellent agreement
between different data sets. Furthermore, even though a wider range of test cases would be
necessary to draw a final conclusion, the present results indicate that the validity of the normalized
effective unsteadiness can be extended to the more general case of an unsteady freestream. The
matched inflow concept presented in this work is almost equivalent to matching test cases with
vastly different inflow profiles by maintaining the same values of α̇sc/U∞(φ) and αmax − αs. The
difference lies in the fact that in the present experiments, α̇∗, k and Re were matched between αs
and αmax, which is a stricter requirement.

The present experimental data provide new information regarding the unsteady aerodynamic
loads during conditions representative of VAWT rotor blades: The asymmetric shape of the curves
reveals a strong qualitative impact of the wind speed variation. In cases C and D (representative
of 0◦ < Θ < 180◦), the reduced frequency reaches its minimum at φ = 0◦ while Re attains
its maximum value. As a combined effect of both parameters, the boundary layer reattaches
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(a) αmax = 25◦, increasing U∞

(b) αmax = 30◦, increasing U∞

(c) αmax = 25◦, decreasing U∞

(d) αmax = 30◦, decreasing U∞

Figure 5.12: Angle of attack (solid lines) and phase averaged wind tunnel speed (dashed lines) during
measurements with matched pitch rate and simultaneously matched flow speed.

at a relatively early stage during the pitch-up motion. By the time the airfoil passes α = 0◦,
the reattachment process is almost complete, yielding cl ≈ 0 (figure 5.14(a)). In contrast, with
τ = 90◦ (cases A and B) strong hysteresis is observed at this stage as a result of the high reduced
frequency and the relatively low Reynolds number, leading to a lift coefficient as high as cl ≈ 1
at α = 0◦ (figure 5.13(a)). This difference, which is well predicted based on the quasistatic flow
speed interpolation, highlights the importance of taking the transient variation of the reduced
frequency into account.
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(a)

(b)

Figure 5.13: Phase averaged aerodynamic coefficients for measurements with matched pitch rate and
simultaneously matched flow speed, U∞ increasing at αmax.

No attempt was made to determine the impact of the non-sinusoidal variation of α and Vrel
characteristic of VAWT blades, even though the effect on the instantaneous reduced frequency at
the points where |αs| is exceeded is quite considerable. As can be seen in figure 1.2, α̇ is smaller
at Θ ≈ 60◦ than it would be for a sinusoidal pitching motion, while Vrel/(U∞ · TRS) > 1. In
contrast, at Θ ≈ 200◦, the pitch rate is larger than in the idealized case and Vrel/(U∞ · TRS) < 1.
As a result, the effective reduced frequency is significantly smaller for the non-sinusoidal inflow
profiles on the upstream half-cycle at the stage when dynamic stall is initiated (Θ ≈ 60◦), and
larger on the downstream half (Θ ≈ 200◦). It is surmised that the effect of the non-sinusoidal
shape of the inflow profiles can be well predicted based on the quasistatic interpolation detailed in
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(a)

(b)

Figure 5.14: Phase averaged aerodynamic coefficients for measurements with matched pitch rate and
simultaneously matched flow speed, U∞ decreasing at αmax.

section 5.2, which accounts for the variation of k(φ) that results from the changing flow speed.
However, the effect of the deviations in α̇ on k(φ) would also have to be accounted for. This could
hypothetically be achieved by interpolating experimental data for sinusoidal pitching at different
frequencies.

Comparing figures 5.13 and 5.14 reveals a striking difference regarding the abrupt excursions of cl
and cm resulting from the convection of the DSV: In the case of τ = 90◦, the normalized amplitude
of the load fluctuations is significantly larger. This observation is particularly noteworthy in
light of the fact that with τ = 90◦, the dynamic pressure is continuously increasing at this stage.
Therefore, the low pressure region associated with the vortex is normalized with a dynamic
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pressure that is larger than at the beginning of its convection, and thus the non-dimensional
amplitude of the unsteady loads would be expected to be reduced. However, at the beginning of
the region of matched inflow, U∞ is approximately twice as large with τ = 270◦ as it is for τ = 90◦,
leading to a significant difference in k. As shown in figure 4.10, the magnitude of the transient
load excursions increases with increasing k, and it appears that this impact of the instantaneous
reduced frequency outweighs the transient change in q.

5.4 Unsteady Effect of the Dynamic Flow Speed Variation

In the preceding discussion of the dynamic flow speed variation, emphasis has been placed on
the instantaneous values of Re and k during the portion of the cycle where dynamic stall occurs.
This quasistatic approach was found to provide an adequate description of the dynamic stall
mechanism at moderate reduced frequencies, where the time scale of dynamic boundary layer
separation is significantly shorter than the period of the inflow oscillations. At higher reduced
frequencies, however, the transient variation of U∞ becomes an important factor. On the one
hand, k changes significantly from the onset of dynamic stall to the point where the shedding
of the DSV into the wake concludes the process of boundary layer separation. On the other
hand, and more importantly, the dynamic flow speed variation itself can have a significant impact:
Depending on the phase shift τ , the transient change of U∞ can lead to either a premature onset
or a further delay of the shedding of the DSV. This effect, which can not be explained on the
basis of quasistatic assumptions and is thus considered an unsteady phenomenon, is discussed in
the following.

Throughout the vast amount of experimental data obtained in the course of this work, there is
a clear trend regarding the impact of the dynamic wind tunnel speed variation at high reduced
frequencies: When dynamic stall coincides with a transient reduction of U∞, the DSV is shed
slightly earlier than predicted from the data recorded at constant flow speeds. Conversely, an
increase of the flow speed during the early stages of dynamic stall often leads to a delay of the
vortex shedding. Under the conditions considered here, the difference in timing of dynamic stall
is relatively small: the largest observed change in the phase angle where the motion of the low
pressure region is initiated is in the order of ∆φ ≈ 10◦. Nevertheless, the effect is significant, as it
is consistently observed at various different combinations of Re, kn and αmax.

The experiments described in table 5.2 were carried out at pitch rates close to the maximum
attainable with the present experimental setup, and are therefore a good starting point for
illustrating simultaneous oscillations of α and U∞ at comparatively high reduced frequencies and
high amplitudes. The phase averaged lift coefficient and moment coefficient are presented for the
cases A and C in figures 5.15 and 5.16 respectively. The quasistatic approximations derived from
the interpolation approach detailed in section 5.1 are indicated with dashed lines. A comparison
of the measured data with the quasistatic estimates reveals that the load excursions associated
with the shedding of the DSV are delayed when the flow speed is dynamically increasing (test case
A) whereas they occur prematurely during a dynamic reduction of U∞ (test case C). The data
obtained at exclusively positive angles of attack (cases A2 and C2) consistently show the same
trend. Before drawing conclusions from this comparison, it is important to consider its limitations.
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(a)

(b)

Figure 5.15: Delay of dynamic stall during a dynamic increase of U∞: Comparison of measured data with
quasistatic predictions.

First of all, the speed of the convection of the DSV changes over time when the freestream is
unsteady, making it difficult to interpret the timing of its arrival near the trailing-edge (and the
corresponding minimum value of cm). However, when the initiation of the shedding of the DSV, as
indicated by the collapse of the leading-edge suction peak, is taken as the indicator of the dynamic
delay, the uncertainty caused by the varying convective speed is negligible. A comparison of the
phase averaged pressure distributions confirmed that the deviations between the measured and
predicted aerodynamic coefficients can in fact be attributed to differences in the timing of dynamic
stall. Secondly, the interpolation approach entails errors resulting from the limited number of
reference cases. An analysis of the data recorded at constant wind tunnel speeds showed that this
source of error did not significantly impair the validity of the predictions in figures 5.15 and 5.16.
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(a)

(b)

Figure 5.16: Premature onset of dynamic stall during a dynamic reduction of U∞: Comparison of measured
data with quasistatic predictions.

Hence, the comparison of measured unsteady data with quasi-steady estimates does in fact show
an unsteady effect.

The impact of the unsteady freestream on the timing of the shedding of the DSV is illustrated in
detail for two examples where the magnitude of the unsteady effect is relatively large. The inflow
conditions are presented in figure 5.17, where the phase angles for which data is shown here are
indicated with circular markers. The phase averaged pressure distributions recorded with test
case A2 at φ = 68◦ (α = 24.1◦) are presented in figure 5.18 along with data obtained at various
constant flow speeds for the same pitching motion. In all cases with constant U∞, the dynamic
stall vortex is in the process of moving downstream. Comparisons of flow field measurements via
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Figure 5.17: Time profiles of angle of attack α (solid
line) and wind tunnel speed U∞ (dashed lines).

Figure 5.18: Delayed shedding of the DSV during a
dynamic acceleration of the flow,
α=12.5◦+12.5◦· sin(ωt), φ= 68◦, α= 24.1◦ ↗.

particle image velocimetry with simultane-
ously recorded phase averaged instantaneous
surface pressure contours have confirmed
that the minimum negative pressure is a re-
liable indicator of the location of the DSV
(see for example figures 4.7 and 4.8). Thus,
even though no flow field data is available for
these data sets, it can be inferred from the
pressure distributions in figure 5.18 that the
center of the DSV is located at x/c ≈ 0.2
in all cases with constant flow speed. In
contrast, the leading-edge suction peak is
still intact and the convection of the dy-
namic stall vortex has not yet begun at the
same phase angle during the dynamic flow
acceleration (test case A2). The situation
shown here marks the point just prior to the
beginning of the shedding of the DSV; in
the accelerated flow case, the DSV reaches
x/c = 0.2 at approximately φ = 78◦.

The impact of a transient deceleration of
the flow during the onset of dynamic stall
is illustrated here for the test case E, where
kn = 0.074, α = 10◦ + 10◦ · sin(ωt) and
Re = 2.5 · 105 · [1 + 0.5 · sin(ωt − 180◦)].
Phase averaged flow field data and simulta-
neously recorded phase averaged pressure
distributions are presented in figure 5.19
for the unsteady freestream as well as the
corresponding measurements at the mini-
mum, mean and maximum flow speeds. At
U∞ = 5.6m/s and U∞ = 11.1m/s, the pres-
sure distributions indicate the accumulation
of concentrated vorticity near the airfoil surface just downstream of the suction peak, but the DSV
is not yet clearly visible in the flow field data. In test case E, the instantaneous wind tunnel speed
is between these two constant values (U∞ = 6.1m/s), and hence the quasistatic approximation
based on Re(φ) and k(φ) predicts a similar flow field. However, the data in figure 5.19(a) clearly
shows the shedding of DSV located at x/c ≈ 0.3.

There are several possible explanations for the change in the timing of the DSV shedding associated
with the unsteady freestream. According to Ericsson and Reding, the change in the flow speed
∂U∞/∂t has a favorable impact on the streamwise pressure gradient during a dynamic acceleration
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(a) U∞ = 11.1m/s [1 + 0.5 sin(ωt− 180◦)]

(b) U∞ = 5.6m/s

(c) U∞ = 11.1m/s

(d) U∞ = 16.7m/s

Figure 5.19: Early shedding of the DSV following a dynamic deceleration of the flow,
α = 10◦ + 10◦ · sin(ωt), φ = 78◦, α = 19.8◦ ↗.

[67]. Hence, in the unsteady case, the local adverse pressure gradient is less than it would be in the
corresponding static case. Alternatively, the present observations could be caused by a lag of the
response of the laminar separation bubble to the changing inflow conditions. Johnson and Ham
hypothesized that the dynamic delay of leading-edge separation during a sudden increase in angle
of attack is caused by a delay of the forward movement of the reattachment location [69]. The
increase of the Reynolds number during a dynamic flow acceleration may produce an additional
shift of the reattachment location to a position further upstream. If the Reynolds number is
relatively low during the early stage of the pitch-up motion, the locations of transition and
reattachment can be expected to be located relatively far downstream. Thus, if Re is dynamically
increased, the rear portion of the bubble has to travel a larger distance towards the leading-edge,
which might exacerbate the lag effect. However, this appears somewhat unlikely to be the cause
of the dynamic effect observed here, since the leading-edge control slot has been shown to lead
to a relatively fixed reattachment location in the present case. Yet another possible explanation
is linked to the duration of the primary instability stage described by Mulleners and Raffel [37].
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They pointed out that “the more vorticity accumulates in the shear layer, the faster a secondary
shear layer instability sets in, hence the shorter the primary instability stage...”. During a dynamic
increase of the flow speed, the non-dimensional strength of the vorticity accumulated in the shear
layer is reduced, which may delay the onset of the vortex formation stage. The opposite is true
for a transient flow deceleration, where the vorticity accumulated earlier is normalized with a
comparatively large freestream velocity at a later stage. With the available experimental data,
the mechanism responsible for the dynamic variation of the DSV shedding can not be assessed
conclusively, but this may be the objective of future research. Finally, it should be noted that
even though the relative change in the timing observed here was relatively small, the effect on the
load excursions could potentially be significant because of the simultaneous change of the dynamic
pressure.
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6 Steady Blowing

Steady blowing was initially tested under static conditions to explore the impact of key parameters
including the control location, Reynolds number and momentum coefficient. Experiments at steady
inflow are ideally suited to explore the mechanism of lift reduction by means of low-momentum
blowing. Furthermore, the general characteristics identified here determine the limitations of
this control technique under the present experimental conditions and provide crucial information
on the optimum strategy for the control of unsteady loads. Following these basic tests, steady
blowing was applied during dynamic incidence oscillations with the objective of controlling the
dynamic stall vortex. The results summarized in this chapter form the basis of the adaptive
blowing strategy presented thereafter.

6.1 The Effect of Steady Blowing: Static Tests

Steady blowing is a versatile control technique that can be utilized to either suppress or induce
boundary layer separation. This dual effect is illustrated here based on flow field data recorded
above the suction surface via particle image velocimetry. The mean velocity fields were obtained
by ensemble averaging 200 instantaneous data sets recorded at a fixed angle of attack of α = 15◦.
The results for the baseline and two representative control cases showing steady blowing from
the leading-edge slot are presented in figure 6.1. x′/c and y′/c are the normalized chordwise and
chord-normal coordinates respectively in the coordinate system relative to the wind tunnel. The
normalized streamwise velocity component u/U∞ is indicated with color contours.

The baseline case roughly corresponds to the flow field at maximum lift. Turbulent boundary
layer separation occurs at approximately mid-chord. Further downstream, mild reverse flow is
apparent. As can be seen in the corresponding pressure distribution shown in figure 4.2, cp is
approximately constant downstream of the location of turbulent separation. The occurrence of
separated flow across a significant portion of the suction surface is characteristic of thick airfoils
such as the NACA 0018 investigated here, note that this data was recorded at an angle of attack
that is 4◦ below αs.

Steady blowing from the leading-edge slot produces fundamental changes to the mean flow field:
Depending on the momentum coefficient, boundary layer separation is either induced or suppressed.
Control with Cµ = 0.6% promotes leading-edge separation, see figure 6.1(b). This observation
can be explained with a thickening of the boundary layer. The strong adverse pressure gradient
decelerates the near-wall fluid, which can lead to flow reversal. Ejecting low momentum fluid
from the control slot exacerbates this situation and destabilizes the boundary layer promoting
separation. Alternatively, ejecting low momentum fluid into the laminar separation bubble located
downstream of the leading-edge control slot may cause it to burst prematurely. Both mechanisms
are discussed in section 6.3.
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(a) baseline

(b) Cµ= 0.6% (c) Cµ= 5%

Figure 6.1: Contours of mean streamwise velocity u/U∞ illustrating the effect of steady blowing from the
leading-edge slot. α = 15◦, Re = 2.5 · 105.2

Figure 6.1(c) illustrates the capability of steady blowing at a comparatively high momentum
coefficient to prevent boundary layer separation. The flow field data clearly shows the jet of
high momentum fluid tangential to the suction surface, which energizes the boundary layer and
effectively suppresses the flow reversal across the rear half of the blade. Correspondingly, circulation
is enhanced and the strength of the suction peak is increased (a comparison of chordwise pressure
distributions is presented in section 6.2). As a result, lift is enhanced by ∆cl ≈ 0.65 relative to
the baseline.

The flow field data presented in figure 6.1 is intended to qualitatively illustrate the dual effect of
steady blowing. However, it should be noted that the effectiveness of control from the leading-edge
slot is not limited to the suppression of trailing-edge stall shown here. With a sufficiently high
momentum input, leading-edge separation can be effectively controlled as well, yielding attached
flow across the entire suction surface at incidence angles far beyond the baseline static stall angle.
As will be shown below, this capability of suppressing leading-edge stall contributes significantly

2Müller-Vahl, H., Strangfeld, C., Nayeri, C.N., Paschereit, C.O. and Greenblatt, D., “Control of Thick Airfoil Deep Dynamic
Stall Using Steady Blowing,” AIAA Journal, Vol. 53, No. 2, 2015, pp. 277-295. Reproduced with permission.
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to the potential of steady blowing for load control applications.

6.2 Comparison of Control Locations

The choice of the chordwise location where constant blowing is applied has a profound impact
on the effectiveness of control. This aspect is explored here based on the qualitative differences
between control at 5% and 50% chord. Quasistatic aerodynamic coefficients obtained with various
momentum coefficients are presented in figure 6.2 for control from the leading-edge slot and in
figure 6.3 for the mid-chord slot. The pitch-up motion is indicated with solid lines and the pitch-
down motion with dashed lines. In addition, matching chordwise pressure coefficient distributions
are shown in figure 6.4 for selected angles of attack. During all test presented here including
the baseline, both control slots were left open for the sake of geometric comparability. When no
blowing was applied from the respective slots, the flanges connected to the plenum chamber were
sealed to prevent a net mass flux through the passive slot.

6.2.1 Control at the Leading-Edge

The quasistatic results presented in figures 6.2 and 6.4 demonstrate that constant blowing from
the leading-edge slot can either increase or decrease lift depending on the momentum coefficient.
At pre-stall angles of attack, control at a sufficiently high Cµ suppresses trailing-edge separation,
yielding lift coefficients far exceeding baseline values. The change in the flow field produced by
steady blowing at Cµ = 5% has been illustrated for α = 15◦ in figures 6.1(a) and 6.1(c). As can
be seen in figure 6.2(a), the corresponding increase in lift is ∆cl > 0.5 throughout the range of
9◦ < α < 19◦. The static stall angle is increased by ∆αs = 8◦, from αs = 16◦ in the baseline case
to αs = 24◦. At this point, the pressure coefficient at the suction peak reaches its minimum value.
When α is further increased, the region of constant pressure across the rear half of the suction
surface propagates towards the leading-edge, indicating a smooth onset of trailing-edge stall. At
angles of attack above α ≈ 26◦, blowing at the highest momentum coefficient considered in this
work was unable to overcome the severe adverse pressure gradient. The cp distributions and the
resulting aerodynamic loads gradually approach baseline values as the angle of attack exceeds
α = 30◦.

The effect of control with Cµ = 2.5% is qualitatively similar, the relative increase of the static
stall angle is virtually the same as for Cµ = 5%. In both cases, the lift slope is small over a wide
range of angles of attack (approximately 13◦ < α < 26◦). This behavior could potentially be
advantageous for wind turbine applications because a fluctuation in α would result in a smaller
load variation, reducing the fatigue loads caused by the unsteady inflow. Furthermore, steady
blowing at high momentum coefficients eliminates the hysteresis behavior, as can be seen from a
comparison of the pitch-up and pitch-down data in figures 6.2(a)-6.2(c). The slight deviations
are presumably caused by random variations in Cµ. As will be shown below, the aerodynamic
coefficients obtained during pitch-up and pitch-down were virtually identical for all values of Cµ
considered when the mass flow controller was used to set the flow rate.

In contrast to the stall delay produced by control at high momentum coefficients, steady blowing
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(a)

(b)

(c)

Figure 6.2: Quasistatic aerodynamic coefficients
obtained with control from the leading-edge slot,
Re=2.5·105.

(a)

(b)

(c)

Figure 6.3: Quasistatic aerodynamic coefficients
obtained with control from the mid-chord slot,
Re=2.5·105.

precipitates an early onset of leading-edge separation when the jet speed is below the local
boundary layer edge velocity [150]. With Cµ = 0.3% and 0.6%, the static stall angle is reduced to
αs ≈ 10◦ and 9◦ respectively, and a significant reduction in cl relative to the baseline is observed
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(a) α = 7◦

(b) α = 12◦

(c) α = 18◦

(d) α = 25◦

Figure 6.4: Pressure coefficient distributions obtained with constant blowing during quasistatic pitch-up.
Re=2.5·105.

at higher incidence angles. At α = 7◦, the cp distribution obtained with Cµ = 0.6% is still almost
identical to the baseline, see figure 6.4(a). As the angle of attack is increased, the suction peak
falls off dramatically and the region of almost constant pressure across a large part of the suction
surface indicates boundary layer separation (figure 6.4(b)) which leads to a considerable increase
in form drag. The combination of lift reduction and drag increase emphasizes the potential of low
momentum blowing for aerodynamic braking.

6.2.2 Control at Mid-Chord

Constant blowing from the mid-chord slot is particularly effective at counteracting trailing-edge
separation. With Cµ = 5%, the lift coefficient increases almost linearly up to αs ≈ 16.5◦. In
contrast to control at 5% chord, a positive effect on cl is also observed at a comparatively small
momentum coefficient of Cµ = 1.2%, suggesting that the proximity of the control slot to the
separation location improves the control authority. This is hardly surprising, since the high
momentum wall jet entrains fluid from the slower moving freestream, decreasing its peak velocity
and reducing its effectiveness at energizing the boundary layer further downstream. According
to Carriere and Eichelbrenner, the maximum jet velocity diminishes more rapidly than 1/

√
x

because of the adverse pressure gradient. Simultaneously, the distance of the point of maximum
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jet velocity from the wall ym increases approximately linearly with the distance from the control
location [177]; the value for a flat plate suggested by Carriere and Eichelbrenner is dym/dx = 0.01.
The flow field data presented in figure 6.1(c) indicates that the spreading angle is approximately
twice as large in the present case, which may be caused by the airfoil curvature and the resulting
larger adverse pressure gradient.

In terms of practical application, the most important difference between the control authority
obtained at the respective slot locations lies in the effectiveness at counteracting leading-edge
separation. While steady blowing from the mid-chord slot is capable of producing notable lift
enhancement in the pre-stall range, it has no significant effect on the static stall angle. At
Re = 2.5 · 105, a sharp drop in lift caused by leading-edge stall occurs at αs ≈ 19◦ irrespective of
the momentum coefficient. In fact, from a load control perspective, steady blowing at the highest
momentum coefficient considered here actually performed the worst, as the onset of leading-edge
stall is accompanied by a particularly sharp drop in cl that would produce severe fatigue loads in
practical applications. The surface pressure distributions recorded with Cµ = 5% substantiate
this finding: At α = 21◦, the cp distribution (not shown) is virtually identical to that measured
at α = 25◦ (see figure 6.4(d)), where the constant pressure above the suction surface indicates
separation at x/c ≈ 2%. Once the boundary layer separates from the leading-edge, blowing even
at high Cµ is ineffective at counteracting separation because the slot is located too far downstream
of the separation location. The jet of high momentum fluid is injected deep within the “dead-air
region” with no measurable effect on separation at the leading-edge. The hysteresis behavior is
barely affected.

The large distance from the leading-edge also hinders steady blowing at mid-chord from producing
significant lift reductions in the pre-stall range. The effect measured at the lower momentum
coefficients investigated here is comparatively small. In the range of 7◦ < α < 15◦, control with
Cµ = 0.3% and 0.6% yields a slight lift reduction. Figure 6.4(b) reveals that this decrease in cl is
caused by a shift of the location of turbulent separation to a point further upstream, at α = 12◦

it moves from x/c ≈ 85% (baseline) to x/c ≈ 70% (Cµ = 0.6%). At higher angles of attack, the
pressure distributions are hardly affected. Figure 6.1 shows that the considerable reductions in
lift observed with low momentum blowing from the leading-edge slot are the result of enforced
leading-edge separation. Irrespective of the exact control mechanism, the proximity of the control
location to the laminar separation bubble and the strong adverse pressure gradient downstream of
the suction peak is expected to be vital for inducing separation. Consequently, blowing from the
mid-chord slot is not capable of producing comparable lift reductions.

The post-stall lift coefficient is only mildly affected by blowing from the mid-chord slot. The slight
increase in lift seen at high momentum coefficients may be the result of measurement inaccuracy
rather than a real change in the flow field to some extent. The increased lift is in part caused by
the low pressure “spike” directly downstream of the control slot, see figure 6.4. A similar spike is
also observed downstream of the leading-edge slot when control is applied there. The proximity of
the pressure port at x/c=51.5% to the high-speed jet is surmised to be the reason for the low

3Müller-Vahl, H., Strangfeld, C., Nayeri, C.N., Paschereit, C.O. and Greenblatt, D., “Control of Thick Airfoil Deep Dynamic
Stall Using Steady Blowing,” AIAA Journal, Vol. 53, No. 2, 2015, pp. 277-295. Reproduced with permission.
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(a) α = 10◦

(b) α = 16◦

(c) α = 22◦

(d) α = 29◦

Figure 6.5: Change in lift coefficient ∆cl produced with constant blowing as a function of the momentum
coefficient Cµ and the normalized control jet velocity Uj/U∞.3

pressure. It is unclear from the available data how far this region of low cp actually extends across
the airfoil surface. It appears likely that the low pressure is caused by the so-called Coanda effect
[152, 153], where the deflection of the streamlines around a curved surface is balanced by a radial
pressure gradient, resulting in a low local surface pressure. The pressure port at x/c=62.5% shows
no such effect, which suggests that the impact of the low pressure region on the aerodynamic
coefficients may be overestimated. A higher spatial density of pressure ports in this region would
be desirable. In any case, the impact of the spike on the overall results is limited, as it only
accounts for a small fraction of the lift increase caused by steady blowing when a fundamental
change in the flow field (i.e. enforced attachment) is produced.

The qualitative differences linked to the chordwise location of the control slot are explored further
in figure 6.5. The change in lift coefficient ∆cl produced by control is plotted as a function of the
momentum coefficient, positive values of ∆cl indicate an increase in lift relative to the baseline. The
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(a) α=11◦ (b) α=18◦ (c) α=25◦

Figure 6.6: Change in lift coefficient ∆cl produced with constant blowing relative to the baseline as a
function of the momentum coefficient Cµ.

approximate values of the corresponding normalized control jet speed Uj/U∞ are indicated above.
The data was recorded during a quasistatic pitch-up motion with control from the leading-edge
(LE) and mid-chord (MC) slots. A comparison of the results for different Reynolds numbers shows
that the effect of control is qualitatively similar. The only significant deviations are observed at
18 < α < 21◦ (not shown) and are caused by the Reynolds number dependence of the static stall
angle. At pre-stall angles of attack, the momentum coefficients at which the effect of blowing
from the leading-edge slot changes from lift reduction to lift enhancement are approximately in
the order of 1.7 < Cµ < 2.5%, roughly corresponding to jet velocities of 1.6 < Uj/U∞ < 1.9.
These values are based on the linear interpolation between data points shown in figure 6.5 and are
rather imprecise because of the low resolution of the momentum coefficient. Nevertheless, they
are in good agreement with the observation of Kelly that constant blowing reduces the stability
of the boundary layer when the jet speed is below the local boundary layer edge velocity [150].
Based on PIV data recorded at Re = 2.5 · 105, the velocity above the control slot is approximately
Ue/U∞ ≈ 1.5 at α = 10◦ and Ue/U∞ ≈ 1.7 at α = 16◦. Comparing these values to the points
where the interpolated curves intersect the line of ∆cl = 0 confirms that the boundary layer is
destabilized when Uj < Ue.

The results shown in figure 6.5 were obtained during the first experimental entry, where a rotameter
was utilized to measure the flow rate. The experimental setup was subsequently modified, allowing
for a transient variation of Cµ while substantially reducing the measurement uncertainty (see
section 3.4). Plots illustrating the change of the lift coefficient produced with control from the
leading-edge slot are presented in figure 6.6 for the improved blowing system. These results allow
for a more detailed evaluation of the Reynolds number dependence due to the increased accuracy
and the higher resolution of Cµ. One key question is whether the results obtained in the course
of this work can be extended to the blades of large scale commercial wind turbines operating
at Re ≈ 5 · 106. At pre-stall angles of attack (α=11◦ and α=18◦), steady blowing at a low
momentum coefficient induces boundary layer separation causing a loss in lift. If this were a
low Reynolds number effect, the large control authority based on the capability of temporarily
reducing lift might not be achievable on large scale rotor blades. However, figures 6.6(a) and

94



6.3 The Stall Inducing Effect of Low-Momentum Blowing

6.6(b) indicate that ∆cl ≈ −0.5 is attained with Cµ ≈ 0.5 over a wide range of α irrespective of
Re; the maximum reduction of cl relative to the baseline is virtually independent of the Reynolds
number. Furthermore, the value of Cµ required to bring about a given increase in cl relative to the
baseline decreases with increasing Re, suggesting that the control efficiency may actually improve
at conditions typical of commercial wind turbines.

6.3 The Stall Inducing Effect of Low-Momentum Blowing

To date, the exact mechanism by which steady blowing at low control jet speeds induces the
separation of an otherwise attached boundary layer has not been investigated in detail to the
author’s knowledge. It is generally interpreted as the contrary effect of blowing at high jet velocities:
The addition of low momentum fluid near the wall decreases the boundary layer momentum,
making it more susceptible to separation (see for example Attinello [28]). This explanation appears
well suited to account for the loss in lift observed in previous work such as that of Reid and
Bamber [144], where the control slot was located at chordwise positions where the boundary
layer was most probably turbulent. In such a scenario, the loss in lift is likely to be caused by a
destabilization of the turbulent boundary layer in the presence of an adverse pressure gradient. In
the present case, however, the situation is more complex because control is applied just upstream
of or within the laminar separation bubble. Hence, the possibility that low momentum blowing
produces leading-edge separation by destabilizing the bubble and causing it to burst should also
be considered.

A comparison of baseline pressure distributions to those obtained with control at Cµ = 0.6% is
presented in figure 6.7, the data was recorded during a quasistatic pitch-up motion at Re = 2.5 ·105.
In the baseline case, the laminar separation bubble is detectable from the characteristic region
of almost constant pressure throughout the laminar portion and the steep pressure recovery
downstream of the transition point. As discussed in section 4.1.2, the location of laminar separation
appears to be fixed at the lip of the control slot at x/c= 5% over the range of approximately
6◦<α< 14◦. When the angle of attack is increased to α= 18◦, the separation point moves
upstream. Constant blowing at x/c= 5% with Cµ = 0.6% has a profound impact on the flow,
as evidenced by the cp distributions. This value of the momentum coefficient corresponds to
Uj/U∞≈ 0.9, which is approximately half of the local boundary layer edge velocity (Uj/Ue≈ 0.6
at α= 10◦ and Uj/Ue≈ 0.5 at α= 18◦). The pressure distributions can be divided in two main
categories: The pre-stall range up to α= 10◦ and the post-stall range at higher angles of attack.
Leading-edge boundary layer separation manifests in a loss in suction across the upper surface
and a decrease in lift (see figure 6.2(a)). The almost constant level of cp downstream of x/c= 15%
observed at α= 12◦ is indicative of separation.

At angles of attack up to α= 10◦, a second low pressure peak is observed downstream of the
suction peak. As discussed above, this is probably caused by the jet emanating from the con-
trol slot. This effect of blowing on the pressure measurements further adds to the difficulty of
using the pressure distributions as an analytical tool. While the cp distribution at α= 12◦ may
indicate a separation bubble, it is likely that the surface pressure just downstream of the slot is
affected by the control jet. At α= 15◦, the pressure distribution does not indicate the presence
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Figure 6.7: Stall inducing effect of steady blowing
from the leading-edge slot with Cµ = 0.6%.

Figure 6.8: Schematic of the separation bubble
located downstream of the leading-edge control
slot.4

of a bubble. In any case, the results show
that blowing with Cµ = 0.6% eliminates the
laminar separation bubble at angles of attack
below the baseline static stall angle.

The mechanism by which the ejection of low
momentum fluid from the slot promotes the
bursting of the naturally occurring separation
bubble can be illustrated based on a momen-
tum balance. A schematic of the separation
bubble downstream of the leading-edge slot
is shown in figure 6.8, the bubble height is
exaggerated for clarity. The control volume
is bounded by the points S, T, R and W.
The x̃-axis is parallel to the airfoil surface,
which is assumed to be straight throughout
this region for simplicity. Since the dividing
streamline is chosen as the boundary, there
is no momentum flux across this boundary
by definition. Furthermore, the wall shear
forces can be neglected because the boundary
layers are either separating or reattaching.
Based on these assumptions, the bubble is
essentially held in place by a balance of pres-
sure and shear forces acting on the control
volume:∫
STR

τ(x̃) cos(β)ds = −
∫

STR

p(x̃) sin(β)ds .

(6.1)

When constant blowing is applied, this bal-
ance may be disturbed by the streamwise
momentum flux per unit span Js emanat-
ing from the slot which passes through the
boundary between the points S and W :

Js = ρjU
2
j hj cos(η) , (6.2)

where η = 20◦ is the angle of the control slot relative to the surface. Hence, it can be argued
that the bursting of the laminar separation bubble caused by steady blowing results from the
destabilizing effect of the injection of momentum into the bubble. Another possible explanation is

4Müller-Vahl, H., Strangfeld, C., Nayeri, C.N., Paschereit, C.O. and Greenblatt, D., “Control of Thick Airfoil Deep Dynamic
Stall Using Steady Blowing,” AIAA Journal, Vol. 53, No. 2, 2015, pp. 277-295. Reproduced with permission.
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that the shear in the separated laminar flow downstream of the lip of the slot is reduced by the
low momentum jet. This might delay transition and thereby prevent the turbulent reattachment
that would otherwise occur. Furthermore, it is also possible that a separation bubble would
hypothetically be formed but separation occurs just downstream of it. Wallis observed that the
boundary layer shape parameter H, which is defined as the ratio of displacement thickness and
momentum thickness, can approach values that are associated with turbulent separation just
downstream of a short laminar bubble [178, 179]. He suggested that this pattern of a short bubble,
a short extent of an attached turbulent boundary layer and subsequent turbulent separation is
unstable [156]. In the present case, the ejection of low momentum fluid from the control slot
may lead to a similar situation: If the bubble bursting was triggered by the reseparation of the
turbulent boundary layer just downstream of the bubble, the boundary layer would effectively
remain separated downstream of the laminar separation point.

In light of the limitations of the available experimental data, it is not possible to clearly identify the
mechanism by which the low momentum jet ejected from the leading-edge control slot promotes
early separation. The results suggest that a laminar separation bubble forms downstream of the
lip of the slot and that the low momentum jet causes this bubble to burst. It is also possible that
the bubble plays a subordinate role and the early stall is essentially caused by the destabilizing
effect of low momentum blowing on the boundary layer. In any case, the question arises whether
this control method could be exploited to produce temporary lift reductions on wind turbine rotor
blades. The blades of large scale commercial wind turbines operate at Reynolds numbers that are
approximately one order of magnitude larger than those considered in the present case. They are
exposed to adverse environmental influences such as insects, sand and hail, which dramatically
increase the surface roughness, especially in the leading-edge region [180]. In addition, the inflow
turbulence levels are significantly higher. Laminar separation bubbles are therefore far less likely to
form on an actual wind turbine blade. This may suggest that a control concept relying on bubble
bursting might not be applicable here. However, even if no separation bubble exists, ejecting low
momentum fluid into the turbulent boundary layer would have a significant destabilizing effect.
In view of the strong adverse pressure gradient downstream of the suction peak, it appears likely
that this would promote leading-edge separation. In future work, this assumption could be tested
with measurements at conditions representative of wind turbine blades.

6.4 Dynamic Stall Control

The results presented above demonstrate that steady blowing effectively controls boundary layer
separation under quasistatic conditions. The question whether this also translates to a corre-
sponding control authority for the suppression of dynamic stall is explored in this section. The
effect of steady blowing from the leading-edge slot is shown here for a sinusoidal pitching mo-
tion of α = 15◦ + 10◦ · sin(ωt) at a reduced frequency of k = 0.074 and a Reynolds number of
Re = 2.5 · 105. Phase averaged pressure coefficient distributions for the baseline as well as two
control cases, namely blowing at Cµ = 0.6% and Cµ = 7.2%, are shown in figure 6.9. The suction
surface is denoted with a solid line, the pressure surface with a dashed line. Phase averaged
velocity fields obtained with PIV and simultaneously recorded phase averaged pressure distributions
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(a) baseline

(b) Cµ = 0.6% (c) Cµ = 7.2%

Figure 6.9: Pressure coefficient distributions at selected phase angles of the pitching motion.
α=15◦+10◦· sin(ωt), k = 0.074, Re=2.5·105.

are presented in figures 6.10 and 6.11. Every third velocity vector is plotted in both directions for
clarity. The flow fields are shown in the coordinate system relative to the airfoil, the instantaneous
direction of the freestream is indicated by an arrow located at the axis of rotation. The pressure
coefficient on the upper surface is indicated by a dashed line and that on the lower surface by a
dotted line. In addition, phase averaged aerodynamic loads are presented as a function of the
phase angle and the angle of attack in figures 6.12 and 6.13 for various momentum coefficients.

It is immediately apparent from a comparison of the pressure distributions in figure 6.9 that
steady blowing has a profound impact on the flow field under dynamic inflow conditions. In the
baseline case, at a phase angle of φ= 0◦, the surface pressure distribution indicates the presence
of a separation bubble at approximately 5%≤x/c≤ 15%, see figure 6.9(a). At this stage, a large
region of vortical flow forms below the thick boundary layer in the trailing-edge region (figures
6.10(a) and 6.10(d)). Simultaneously, the leading-edge separation bubble shortens (φ= 21◦) and
bursts, which marks the point where the dynamic stall vortex is shed. Its subsequent convection
downstream manifests in the motion of the corresponding low pressure region (see φ= 45◦ and
φ= 51◦ in figure 6.9(a) and figure 6.11(a)). After the shedding of the DSV, which produces a
sharp drop in cm accompanied by a momentary increase and subsequent drop in lift (figure 6.12),
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the boundary layer is fully separated from the suction surface, resulting in a virtually constant
value of cp along the chord. Starting at approximately φ= 195◦, the boundary layer reattaches
from the leading-edge.

With low momentum blowing, the shedding of the DSV occurs at an earlier stage and the
magnitude of the associated phase averaged load fluctuations is reduced. This observation bears
some similarities to the quasistatic results discussed above, where blowing at the same momentum
coefficient induced leading-edge separation. Here the shedding of the DSV occurs at approximately
φ≈ 3◦, as opposed to φ≈ 39◦ in the baseline case. A similar stall inducing effect of low momentum
blowing has been observed by Greenblatt and Wygnanski [29], who found that steady blowing
at Cµ = 0.1% from a control slot located at the leading edge of a NACA 0015 airfoil induced
separation above the suction surface, leading to a dramatic loss in lift. In the present case, the
lower magnitude of the load fluctuations is mainly a result of the weaker dynamic stall vortex
compared to the baseline, which is apparent both from the lower magnitude of the associated
low pressure region (figure 6.9(b)) and from a comparison of the phase averaged velocity fields in
figures 6.10(b) and 6.11(a). The DSV originates from a region of high vorticity that accumulates
near the airfoil surface [90]. When its shedding is promoted by the low-momentum jet, the process
of vorticity accumulation is interrupted at an earlier stage, leading to a reduced strength of
the DSV. Constant blowing with Cµ = 0.6% decreases the lift coefficient throughout most of the
pitching cycle (see figure 6.12(a)), substantiating the potential for aerodynamic braking.

When a high-velocity jet is ejected from the leading-edge slot during the dynamic pitching
motion, the shedding of the dynamic stall vortex is fully suppressed. Figure 6.9(c) illustrates
that the strength of the suction peak is increased dramatically at Cµ = 7.2%. A drop in cl and
a simultaneous momentary reduction in cm, which appear to be similar to the load fluctuations
resulting from dynamic stall, are observed near the maximum angle of attack. However, neither
the unsteady cp distributions nor the velocity fields show any signs of the shedding of a dynamic
stall vortex. Instead, a gradual reduction of the strength of the suction peak occurs between
φ= 69◦ and φ= 99◦, followed by a recovery until φ≈ 132◦ (see figure 6.9(c)). The velocity field
presented in figure 6.11(f) reveals that the momentary loss in lift is caused by a thickening of
the boundary layer across the rear half of the blade, which signifies mild trailing-edge stall. A
comparison of the surface pressures at phase angles of φ= 48◦ and φ= 132◦, which correspond to
α= 22.4◦ during pitch-up and pitch-down respectively, shows only minor differences, indicating
that throughout the lower angle of attack range of the pitching cycle, the degree of hysteresis is
small.

High-momentum steady blowing produces a number of desirable effects with regard to the
application on wind turbine blades. Lift is enhanced substantially throughout the entire pitching
cycle. Even though this would not translate to a corresponding increase in turbine power since
the net energy that can be extracted from the wind cannot exceed the Betz limit (see for example
[2]), this is a positive result, as it indicates a large control authority for adjusting cl by adapting
the momentum coefficient. As in the quasistatic cases, cl appears to increase monotonically with
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(a) φ = 10◦, α = 16.7◦, baseline

(b) φ = 10◦, α = 16.7◦, Cµ = 0.6%

(c) φ = 10◦, α = 16.7◦, Cµ = 7.2%

(d) φ = 30◦, α = 20◦, baseline

(e) φ = 30◦, α = 20◦, Cµ = 0.6%

(f) φ = 30◦, α = 20◦, Cµ = 7.2%

Figure 6.10: Phase averaged normalized vorticity fields and surface pressure coefficients.
α=15◦+10◦· sin(ωt), k = 0.074, Re=2.5·105.5

5Müller-Vahl, H., Strangfeld, C., Nayeri, C.N., Paschereit, C.O. and Greenblatt, D., “Control of Thick Airfoil Deep Dynamic
Stall Using Steady Blowing,” AIAA Journal, Vol. 53, No. 2, 2015, pp. 277-295. Reproduced with permission.
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(a) φ = 50◦, α = 22.7◦, baseline

(b) φ = 50◦, α = 22.7◦, Cµ = 0.6%

(c) φ = 50◦, α = 22.7◦, Cµ = 7.2%

(d) φ = 80◦, α = 24.8◦, baseline

(e) φ = 80◦, α = 24.8◦, Cµ = 0.6%

(f) φ = 80◦, α = 24.8◦, Cµ = 7.2%

Figure 6.11: Phase averaged normalized vorticity fields and surface pressure coefficients.
α=15◦+10◦· sin(ωt), k = 0.074, Re=2.5·105.6

6Müller-Vahl, H., Strangfeld, C., Nayeri, C.N., Paschereit, C.O. and Greenblatt, D., “Control of Thick Airfoil Deep Dynamic
Stall Using Steady Blowing,” AIAA Journal, Vol. 53, No. 2, 2015, pp. 277-295. Reproduced with permission.
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increasing Cµ above a certain threshold value; this is an important prerequisite for control. The
increase in cl obtained with high-momentum blowing could also be exploited by manufacturing
turbine blades with a shorter chord length that would provide the same lift as larger blades
operating without control. This would reduce weight of the blades and the associated loads on
the bearings, potentially decreasing the cost of investment.

The suppression of the dynamic stall vortex substantially reduces the phase averaged moment
coefficient variations. The large negative pitching moment observed at a phase angle of φ≈ 60◦ in
the baseline case (figure 6.12(c)) is caused by the convection of the DSV across the suction surface.
The peak negative value of cm is attained when the resulting low pressure region is located above
the rear half of the airfoil. In comparison, the moment variations resulting from the brief occurrence
of trailing edge stall near the maximum angle of attack observed with high-momentum blowing
are significantly smaller. The peak negative pitching moment is reduced from cm =−0.34 in the
baseline case to cm =−0.09 (Cµ=5%) and cm =−0.13 (Cµ=7.2%) respectively. The amplitude
of the phase averaged moment coefficient fluctuations, calculated as the difference between the
maximum and minimum values of cm occurring throughout the entire pitching cycle, is reduced
by approximately 67% relative to the baseline with Cµ=7.2%. Aside from the peak values of
the loads, the impact of control on the pitching moment fluctuations can be characterized based
on the aerodynamic damping, see for example [130, 131]. In the case of negative damping, the
airfoil system extracts energy from the free-stream; this is the condition for aerodynamic flutter.
Negative damping is potentially harmful for the blades because it can increase the amplitude of
the pitch oscillations. The average cycle damping is defined as

∮
cmdα, the damping is positive

for a counter-rotating circuit [181]. It is clear from the experimental data that in the present case,
the aerodynamic damping is positive for all values of the momentum coefficient considered here:
The circuits of cm over α are counter-rotating irrespective of Cµ, see figure 6.13(c). This indicates
that steady blowing has a stabilizing impact with regard to the pitching moment irrespective of
whether leading-edge separation is promoted or suppressed.

It is interesting to note that the main effects of high-momentum steady blowing observed here have
been well predicted numerically for a comparable test case by Yu et al. [182]. Using the ZETA
code, which uses the vorticity vector as the primary variable, they simulated constant blowing on
a NACA 0012 airfoil by prescribing nonzero tangential velocity on part of the upper surface. For
an angle of attack variation of α = 15◦+ 10◦ · sin(ωt) and Re = 2 ·105, they predicted that blowing
at twice the free-stream velocity prevents the formation of the dynamic stall vortex. As a result,
moment stall and the temporary increase in drag are eliminated and the lift coefficient remains
almost constant at high angles of attack. The drop in lift caused by trailing-edge separation at
high angles of attack that was observed here was not predicted by the simulations.

The experimental data reveals that even though high momentum blowing fully suppresses the
shedding of the DSV, unsteady lift fluctuations occur near the maximum angle of attack that
are comparable in strength to those resulting from dynamic stall. Two control approaches were
considered that could potentially be applied to counteract these fluctuations and reduce the fatigue
loads. The quasistatic baseline data shows that blowing from the mid-chord slot is more effective

102



6.4 Dynamic Stall Control

(a)

(b)

(c)

Figure 6.12: Aerodynamic coefficients as a function
of the phase angle. α=15◦+10◦· sin(ωt), k = 0.074,
Re=2.5·105.

(a)

(b)

(c)

Figure 6.13: Aerodynamic coefficients as a function
of the angle of attack. α=15◦+10◦· sin(ωt),
k = 0.074, Re=2.5·105.

at suppressing trailing-edge separation. Since the temporal drop in lift is associated with the
thickening of the boundary layer in the trailing-edge region and a corresponding reduction in
circulation, applying control from the mid-chord slot throughout this small range of phase angles
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Figure 6.14: Lift coefficient cl as a function of the
phase angle φ. The standard deviation σcl

is
indicated with error bars. α=15◦+10◦· sin(ωt),
k = 0.074, Re=2.5·105.

Figure 6.15: Moment coefficient cm as a function
of the phase angle φ, the standard deviation σcm is
indicated with error bars. α=15◦+10◦· sin(ωt),
k = 0.074, Re=2.5·105.

may reduce the drop in lift. However, this was not attempted here. From a practical perspective,
implementing an additional mid-chord control slot on wind turbine blades would further increase
the manufacturing costs and might also be detrimental to the structural integrity of the blades.
Incorporating a single control slot near the leading-edge appears more feasible and cost-effective.
Hence, a control strategy based on adapting the momentum coefficient to the instantaneous inflow
conditions was implemented to reduce the load excursions beyond what is possible with steady
blowing. This approach is detailed in chapter 7.

To explore the impact of control on the cycle-to-cycle load fluctuations, the standard deviation of
the lift coefficient σcl was determined according to

σcl(φ) =

√√√√ 1
N − 1

N∑
i=1

[cl,i(φ)− cl(φ)]2 . (6.3)

σcl was evaluated in windows of ∆φ= 1◦ each of which contained N ≈ 330 samples. This was
sufficient to give 95% confidence intervals below ∆cl =±0.025 in all cases presented here. The
standard deviation of the moment coefficient σcm was calculated in an analogous way, all 95%
confidence intervals were smaller than ∆cm =±0.012. σcl is plotted in figure 6.14 to illustrate the
variations in lift. As expected, the unsteadiness is the highest during the shedding of the dynamic
stall vortex (baseline and control with Cµ = 0.6%) and during the occurrence of trailing-edge
separation (control with Cµ = 7.2%) respectively. The standard deviation is slightly larger for the
control cases than for the baseline over the range of angles of attack where the boundary layer
is fully attached (240◦.φ. 360◦). Similar trends are observed for the moment coefficient. σcm
is relatively large near the maximum angle of attack for blowing with Cµ = 7.2%. Here, steady
blowing from the leading-edge slot clearly does not fully mitigate trailing-edge stall as shown in
figure 6.11(f). Apart from variations of the momentum coefficient, the unsteadiness is presumed to
be the result of turbulent velocity fluctuations, and potentially spanwise three-dimensional effects
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associated with trailing-edge separation [183]. No attempts were made to quantify the degree of
three-dimensionality of the separated flow in the trailing-edge region. Measurements with pressure
sensitive paint [184] or tufts [185] could be considered for future work to explore this aspect.

Positioning the control slot in the proximity of the leading-edge (at 5% chord in this case) rather
than further downstream appears to be crucial for the effectiveness of steady blowing. In contrast
to the tests by Weaver et al. [55, 140], where blowing was applied at quarter-chord and Cµ> 16%
was required for effective control, the formation of the DSV was fully suppressed at a comparatively
low momentum input in the present case. Even though the validity of this comparison is limited in
view of the different airfoil geometries, Reynolds numbers and angle of attack ranges, this finding
offers a hint towards the mechanism by which tangential blowing controls dynamic stall: The
capability of slot blowing to inhibit the formation of the dynamic stall vortex is presumed to be
closely linked to the suppression of reverse flow close to the airfoil surface in the leading-edge
region. When control is applied downstream of the location of flow reversal, as appears to have
been the case in the experiments by Weaver et al, control may rest upon a less efficient mechanism
such as the enforced reattachment of a separated boundary layer. Flow reversal plays a central role
in the description of the onset of dynamic stall proposed by Van Dommelen and Shen (see section
2.1.1), where the collision of reverse flow with upstream fluid particles causes the breakaway of the
leading-edge boundary layer from the airfoil’s surface. Shih et al. concluded that “if one can delay
or remove the particle collision process at the onset of the separation, then the formation of the
large-scale separated structures and their subsequent evolution can be delayed or eliminated” [40].
Clearly, ejecting high momentum fluid tangentially to the wall is a direct and effective way of
preventing the flow reversal caused by the adverse pressure gradient. When the reverse motion of
near wall fluid is inhibited, the particle collision process that plays a crucial role in the mechanism
of the DSV formation is presumed to be eliminated. This explains why high momentum steady
blowing fully suppressed the dynamic stall vortex here. In some experimental studies, the onset of
dynamic stall was found to be initiated by the bursting of the laminar separation bubble [54, 55].
Under such conditions, high momentum blowing may be effective at counteracting the cause of the
formation of the DSV as well: If a separation bubble was formed closely upstream of the control
slot, high momentum blowing would presumably enforce boundary layer reattachment. In this
case, it appears unlikely that the bursting of the bubble, if it were to occur, would result in a
significant change in the vorticity distribution or the shedding of a strong vortex. If the separation
bubble was located directly downstream of the slot under baseline conditions, the ejection of
high momentum fluid tangential to the wall would be very likely to eliminate laminar separation,
such that a bubble would not be formed at all. In summary, these considerations suggest that
positioning the control slot close to the suction peak is likely to provide a significantly larger
control authority for the suppression of the dynamic stall vortex irrespective of the mechanism of
its formation.

It is interesting to note that many other active and passive flow control techniques that have
proven effective at delaying or mitigating dynamic stall also counteract reverse flow, even though
this is often achieved in an indirect way. Vortex generators, for instance, generate streamwise
vortices that transport high-momentum fluid from the freestream towards the wall [102]. Even
though there are spanwise regions where an upwelling of the flow and a corresponding thickening
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of the boundary layer are observed [186], the net effect of VGs is to energize the boundary layer
and counteract the adverse pressure gradient [103, 104], thereby making reverse flow less likely.
Exciting the Kelvin-Helmholtz instability by means of zero mass-flux excitation [133, 134] or
plasma actuators [135, 136] also essentially produces a time mean increase of entrainment of high
momentum fluid from the freestream that helps counteract flow reversal. The use of leading-edge
suction reported by Karim and Acharya [33] was aimed at preventing the shear layer lift-up
by removing the near wall reverse flowing fluid. While this list is certainly not exhaustive, the
successful control of flow reversal appears to be a common similarity of effective dynamic stall
control techniques.

Slot blowing was one of the first techniques to be proven effective for separation control; positive
results for lift enhancement were reported as early as 1928 [144]. There are several good reasons to
attempt other techniques: Steady blowing requires the supply of compressed air through plumbing
systems and a relatively large energy input. In contrast, passive devices such as vortex generators
are far cheaper to implement, require no energy input and no moving parts, and are relatively easy
to maintain. The ongoing research of more complex active flow control techniques such as zero
mass flux excitation, synthetic jets or deployable vortex generators is often driven by the objective
of minimizing energy consumption, and in this regard significant improvements over classical slot
blowing have been reported [122]. However, the present results suggest that when the goal is to
prevent dynamic stall and simultaneously minimize load excursions, slot blowing is superior to
any other technique proposed to date in terms of control authority and versatility. The possibility
of either inducing or suppressing boundary layer separation close to the leading-edge allows for
changes in lift in the order of ∆cl = ±0.5 and even higher. (Significantly larger increases in lift
can be obtained via circulation enhancement at very high momentum coefficients. This option is
not considered here because of the excessive energy input expended for control that makes this
approach unsuited for wind turbine applications.) In contrast to geometric modifications in the
trailing-edge region, which are less effective at high angles of attack because of boundary layer
separation, slot blowing maintains its large control authority for adjusting lift at incidence angles
well above the static stall angle. However, the full potential of slot blowing is only exploited when
the jet momentum is adapted dynamically; this is the focus of the following chapter.
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When an airfoil is exposed to unsteady inflow, dynamic excursions of the aerodynamic loads result
that directly translate to fatigue stresses. Essentially, the idea behind the concept of “smart
rotor control” is to dynamically adapt the aerodynamic properties of the rotor blades and thereby
counteract the load fluctuations that would otherwise result [1]. Even though a wide variety of
control concepts has been investigated to this end (see section 2.2), the option of utilizing slot
blowing and varying the momentum coefficient has not yet been explored to the author’s best
knowledge. It was shown in the previous section that steady blowing from the leading-edge slot
provides a large control authority for adjusting the lift over a wide range of angles of attack. The
feasibility of counteracting dynamic load fluctuations by adapting the momentum coefficient to
the inflow conditions is investigated for three different scenarios in the following: Angle of attack
oscillations at constant flow speed, harmonic wind speed fluctuations at constant incidence, and
finally synchronous oscillations of both α and U∞. Since this work is aimed at the application on
wind turbine rotor blades, where the flapwise bending moment excursions are a major concern,
the key objective of control was to maintain constant lift per unit span.

In order to assure comparability of the various inflow scenarios considered here, the same mean
Reynolds number, pitching profile and wind speed amplitude were maintained: Re = 3 · 105,
α = 18◦ + 7◦ · sin(ωt) and λ = 0.2. These are highly challenging conditions for load control: The
angle of attack oscillates between αmin = 11◦ and αmax = 25◦, the dynamic pressure varies by a
factor of more than 2, and the Reynolds number is in the range of 2.4 · 105 < Re < 3.6 · 105. A
first estimate of the control authority achievable with adaptive blowing can be obtained from
the quasistatic results presented in figure 6.6. The values of α shown here correspond to the
minimum, mean and maximum angle of attack attained during the dynamic pitching experiments.
If blowing is applied at a mean momentum coefficient in the order of Cµ=2%, the lift coefficient
can in principle be reduced or increased by as much as ∆cl ≈ ±0.5 throughout the entire range
of angles of attack between αmin and αmax. Note however that the values of ∆cl derived from
the quasistatic data are expected to represent the upper limit of the control authority, since
the response of the lift coefficient to a transient change in Cµ may be attenuated. In the tests
involving adaptive blowing described in the following, the range of momentum coefficients was
limited to values above those where the minimum ∆cl was obtained: Cµ> 0.5% (α=11◦ and 18◦),
Cµ> 0.8% (α=25◦). This was done to ensure that the lift coefficient increases monotonically with
Cµ. An iterative control strategy was implemented to identify the time profiles of Cµ required
to eliminate the lift fluctuations. The details of this approach are described in the next section,
followed by the discussion of the experimental results.
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7.1 Control Strategy

The wide range of operating conditions attained in the various test cases posed a significant
challenge from a control perspective. The incidence oscillations lead to fundamentally different flow
conditions: In the baseline case, the boundary layer is attached across most of the suction surface
at αmin = 11◦. In contrast, the maximum angle of attack αmax = 25◦ exceeds the static stall
angle (defined by the abrupt onset of full separation above the suction surface) by approximately
5 degrees in the Reynolds number range considered here. When blowing is applied, the situation
changes considerably: As illustrated in figure 6.4, the boundary layer is separated throughout the
entire range of α considered here at Cµ = 0.6%, whereas at Cµ = 5% it remains attached. Hence,
the stalling behavior is now mainly determined by Cµ rather than α. Nevertheless, with blowing
at a fixed momentum coefficient, the unsteady pitching motion leads to significant lift fluctuations
that have to be compensated for. The unsteady wind speed poses an even greater challenge, as it
affects various key parameters simultaneously: The lift per unit span varies throughout the cycle by
a factor of approximately 2 as a result of the changing dynamic pressure. The relationship between
q and L is non-linear due to the Reynolds number dependence. Furthermore, the fluctuations
of U∞ lead to a variation of the reduced frequency (see chapter 5.2) and directly affect the
convective speed, causing a disparity of the time scales at which dynamic stall occurs. When the
momentum coefficient is dynamically adapted to compensate all the above effects, the transient
change of Cµ itself also becomes significant: Not only is there a lag between a dynamic change in
Cµ and the aerodynamic response, but this lag can also be expected to depend on the control
jet velocity. Maintaining constant lift per unit span becomes particularly challenging at high
reduced frequencies, where quasistatic approximations fail to produce adequate approximations
and the time scales of unsteady effects are of a comparable order of magnitude as the period of
the dynamic inflow oscillations.

The primary objective of the investigation of adaptive blowing was to demonstrate its capability
to eliminate lift fluctuations during various inflow scenarios. In light of the significant challenges
associated with the simultaneous dynamic fluctuations of α, U∞ and Cµ, attempting to derive
a sufficiently detailed description of the flow physics and determining the time profiles of Cµ
from this model was not considered practicable. Instead, an iterative approach was adopted to
determine the time profiles of the momentum coefficient required to achieve pre-defined control
objectives with feed-forward control. In most cases, the goal was to maintain a constant desired
value of the lift per unit span Ld during the unsteady inflow. For the sake of generality, the
following description of the control strategy applies for all the unsteady test cases investigated
herein; it is applicable for a pitching motion at constant U∞, a wind speed variation at a fixed α
as well as for a simultaneous variation of both α and U∞. Accordingly, the terms α(φ) and U∞(φ)
are used in a general sense in the following and refer to either a constant value or a periodical
variation of the respective parameters.

A first estimate of the control input required to obtain Ld(φ) was derived based on the data
obtained with quasistatic pitching at constant wind tunnel speeds. A look-up table was generated
from experimental data obtained at 7 different Reynolds numbers and 16 different control jet
speeds. Prior to the unsteady experiments involving adaptive blowing, baseline measurements

108



7.1 Control Strategy

(Cµ=0) were carried out to calibrate the phase averaged time profiles of the wind tunnel speed
U∞(φ) for a given test case. Based on the measured U∞(φ) and the known angle of attack profile
α(φ), the results of the quasistatic pitching experiments were interpolated for each phase angle φ
to obtain predictions of the lift coefficient as a function of the momentum coefficient cl(Cµ, φ).
The momentum coefficient time profiles Cµ,qs(φ) were then determined based on the desired value
of the lift per unit span Ld(φ) and the phase averaged dynamic pressure.

As expected, this static feed-forward control approach yielded good results at a relatively small
reduced frequency of k= 0.01. When k was increased to higher values, the unsteady response of
the aerodynamic loads had to be compensated for. In order to obtain the desired lift Ld(φ), an
iterative procedure was implemented to automatically adjust Cµ(φ). As a starting point, data was
recorded with the blowing profile based on the quasistatic predictions Cµ,qs(φ). The deviation of
the measured phase averaged lift L(φ) from the desired value ∆L(φ)=L(φ)−Ld(φ) corresponds
to the “error” at a given phase angle. The sensitivity dCµ/dL(φ) was estimated by interpolating
the quasistatic results. As a first approximation, the correction of the momentum coefficient profile
required to obtain the desired value of lift can be estimated as ∆Cµ(φ)=−∆L(φ) · dCµ/dL(φ). In
practice, ∆Cµ is equivalent to a correction of the blowing mass flow rate ∆V̇ , which corresponds
to an adjustment of the analog voltage signal ∆U supplied to the mass flow controller. For the
first iteration, ∆Cµ(φ) was added to the blowing time profile based on the quasistatic predictions
Cµ,qs(φ) while also taking into account the phase lag, as described below. Data was then acquired
with this corrected blowing profile and once again, the corrections based on the phase averaged
results were applied. This process was repeated iteratively until the deviations of the measured
phase averaged lift from the desired value were below a certain threshold, typically 2% of the
peak-to-peak amplitude of the baseline lift fluctuations.

The phase lag that had to be compensated for represents the sum of various contributions including
the response of the mass flow controller, the lag in the tubing and the aerodynamic response
to a dynamic change of the momentum coefficient. Based on the analog voltage signal U(φ)
supplied to the analog input channel, the mass flow controller sets the flow rate using a PID
controller. After the PID parameters had been optimized to reach a good compromise between
a fast response and a small overshoot, the lag between the analog control signal U(φ) and the
measured blowing flow rate was approximately ∆t = 60ms. The delay between the mass flow rate
V̇ set by the controller and the jet velocity Uj resulting from the tubing (see section 3.4) was
comparatively small, ∆t ≈ 10ms. Tests involving harmonic variations of Cµ at a fixed angle of
attack and various Reynolds numbers (not shown) indicated that the lag between the flow rate
measured by the mass flow controller and the dynamic response of the lift coefficient was typically
in the order of ∆t · U∞/c ≈ 2.5 convective time scales. This delay accounts for both the lag of
the jet speed relative to the output of the mass flow controller and the unsteady response of the
flow field to a transient change in Cµ. At a Reynolds number of 3·105 and a reduced frequency of
k=0.06, this corresponds to ∆t ≈ 60ms (∆φ≈ 15◦). However, this value only represents a rough
estimate, since the blowing profiles generated to obtain constant lift are non-harmonic and the
unsteady aerodynamic response is expected to be a function of Re, Uj and α. Furthermore, the
transient responses of the flow field to an increase and a reduction in Cµ may occur at different
non-dimensional time scales.
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In the present experiments, the lag was accounted for based on the simplifying assumption that
the total lag ∆tl is independent of the phase angle. It was initially taken as the sum of the
lag of the PID controller and the lag of the aerodynamic response described above, yielding
∆tl ≈ 120ms. The corrections that were iteratively applied to the previously recorded Cµ time
profiles were shifted by the corresponding phase lag ∆φl=∆tl · f/360◦. Strictly speaking, neither
the assumption of a constant sensitivity dCµ/dcl(φ) at a given phase angle nor the assumption
of a constant lag ∆φl are correct. The corrections applied to the momentum coefficient profile
∆Cµ(φ) were multiplied by a scalar factor ξ that essentially represents the control gain. In most
cases, ξ was chosen to be slightly smaller than one to avoid control overshoot. The inaccuracy
caused by the assumption of a constant phase lag was addressed by slightly changing ∆φl from one
iteration to the next. This approach is certainly not ideal, since the actual phase lag most likely
varies with the phase angle. Nevertheless, the lift fluctuations were successively counteracted in
different portions of the cycle, making it possible to ultimately identify the momentum coefficient
profile required to keep the phase averaged lift virtually constant throughout the entire period.

7.2 Experimental Results

The experimental results obtained with adaptive blowing are divided in three main sections. At
first, incidence oscillations at a constant freestream are considered, which is by far the most
common test case for experiments investigating dynamic stall control. The second section focuses
on the case of a sinusoidal flow speed variation at constant angle of attack. Finally, two inflow
scenarios representative of HAWT rotor blades are simulated by simultaneously varying α and
U∞. In all cases, blowing was applied exclusively from the leading-edge slot.

7.2.1 Pitching Motion at Constant Freestream

As with any other flow control technique, the actuator response represents an upper limit of the
range of frequencies at which control is effective. The objective of eliminating lift fluctuations by
adapting the momentum coefficient is only achievable when the change in lift that is supposed to
be counteracted does not occur faster than the maximum attainable rate of change of Cµ. When
an airfoil undergoes a high-amplitude pitching motion involving dynamic stall, lift fluctuations
essentially occur at two different time scales. The angle of attack dependence of cl and hysteresis
both lead to variations in lift at the frequency of the pitching motion. In contrast, the sharp load
excursions associated with the shedding of the DSV occur at time scales that are approximately
one order of magnitude shorter, and would therefore be very challenging to counteract. However,
when blowing is applied from the leading-edge slot at a moderate or high momentum coefficient,
the situation fundamentally changes in that the formation of the DSV is suppressed and the
sudden load excursions associated with its convection no longer occur. This aspect has been
addressed in detail in the previous chapter and is illustrated in figure 7.1 for the pitching motion
of α = 18◦ + 7◦ · sin(ωt) investigated here. Aerodynamic coefficients recorded at a Reynolds
number of 3·105 with and without control are shown for two reduced frequencies. Steady blowing
at Cµ = 3% not only eliminates dynamic stall but also significantly reduces the overall amplitude
of the lift fluctuations by preventing full boundary layer separation during the pitch-down motion.
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(a) (b)

Figure 7.1: Phase averaged aerodynamic coefficients: Steady blowing at Cµ = 3%, α=18◦+7◦· sin(ωt),
Re=3·105.

These observations are of major significance because they indicate the time scales at which the
momentum coefficient has to be adapted in order to maintain constant lift. Hypothetically, it
would be very difficult in practical applications to adapt Cµ at the short time scale characteristic
of the DSV shedding (and not feasible with the present experimental setup due to the response
time of the mass flow controller). However, as dynamic stall is fully suppressed, doing so is
not necessary. Thus, the objective of adaptive blowing is essentially to counteract the periodic
variations of cl observed with steady blowing, which occur on the same time scale as the pitching
motion, by adapting the momentum coefficient accordingly.

In the case of a constant flow speed considered here, the amplitude of the phase averaged lift
fluctuations measured with Cµ = 3% is relatively small, and angle of attack hysteresis is a
significant factor. Under quasistatic conditions, steady blowing was found to virtually eliminate
hysteresis. However, with dynamic pitching, there is a notable difference in lift at a given value
of α between the pitch-up and the pitch-down, see figure 7.1(a). This is mainly the result of
trailing-edge separation. The smooth reduction in lift that occurs when the static stall angle is
exceeded during the pitch-up is caused by the forward motion of the (phase averaged) location
of turbulent boundary layer separation, which shifts from x/c ≈ 0.55 (α ≈ 18◦) to x/c ≈ 0.3
(α ≈ 23◦). Separation persists across vast portions of the suction surface during the pitch-down
motion, leading to reduced lift and a positive pitching moment (the latter of which is favorable from
an aerodynamic damping perspective). These results are in line with similar observations made by
Weaver et al. [55]. Thus, in order to attain constant lift, Cµ has to be increased throughout the
pitch-down motion in order to shift the turbulent separation location towards the trailing-edge.

The effectiveness and flexibility of adaptive blowing are illustrated here with examples of results
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(a) (b)

Figure 7.2: Phase averaged aerodynamic coefficients: Adaptive blowing aimed at maintaining Ld = 50N,
α=18◦+7◦· sin(ωt), Re=3·105.

attained at various reduced frequencies and for different control objectives. Initially, the goal was
to attain a relatively high, constant lift at different values of k. Representative examples for a
set point of Ld = 50N/m (cl≈ 1.4) showing the phase averaged aerodynamic loads are presented
in figure 7.2, where k = 0.09 (corresponding to f=1.1Hz) was the highest value considered for
adaptive blowing in this work. Subsequently, various set points for Ld covering a wide range were
examined at a reduced frequency of k = 0.06 in order to explore the limits of the attainable control
authority. Three different cases are presented in figure 7.3: Two constant values, Ld=32N/m
(cl≈ 0.9) and Ld=50N/m, as well as one case where the goal was to produce the linear relationship
cl=2πα predicted by thin airfoil theory. Contour plots of the phase averaged pressure distributions
above the suction surface corresponding to the data shown in figure 7.3 are presented in figures
7.4 and 7.5.

The experimental results show that adaptive blowing is capable of achieving all the aforementioned
control objectives. In addition to the suppression of dynamic stall, virtually constant phase
averaged lift can be maintained during dynamic pitching motions where high-amplitude lift
excursions would otherwise result. The working principle is illustrated based on phase averaged cp
distributions in figures 7.4 and 7.5. Without control (figure 7.4(a)), the shedding of the DSV is
clearly visible from the motion of the associated low-pressure region (30◦ . φ . 50◦), following
which the boundary layer is fully separated as indicated by the flat pressure distribution. The
subsequent boundary layer reattachment coincides with the recovery of the suction peak. The case
of Ld = 32N/m (figures 7.4(b)) roughly represents the minimum value of constant phase averaged
lift that can be attained. As in all other cases of dynamic pitching at a constant flow speed,
the minimum achievable value of Ld is determined by the minimum lift that can be obtained
at the maximum angle of attack by inducing separation. Cµ is reduced as the angle of attack
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(a) (b)

Figure 7.3: Phase averaged aerodynamic coefficients: Adaptive blowing for various set points.
α=18◦+7◦· sin(ωt), k = 0.06, Re=3·105.

approaches αmax (φ = 90◦) to shift the turbulent separation location towards the leading-edge.
With Ld = 32N/m, the boundary layer separates at x/c ≈ 10% at αmax = 25◦, and thus a
significant further reduction in cl can not be attained by reducing Cµ. A qualitatively similar
motion of the separation point is also induced for the set point Ld = 50N/m, see figure 7.5(a). In
this case, the turbulent separation location is shifted to x/c ≈ 30% at αmax, whereas the flow is
fully attached at relatively low angles of attack.

From a wind turbine performance perspective, maintaining constant lift may not be ideal. In the
case of Ld = 32N/m, the flow is separated across large portions of the upper surface throughout
most of the cycle, which would lead to relatively small torque and high drag and thus low power
output. With Ld = 50N/m, the momentum coefficient is relatively large at small angles of attack,
and thus a significant amount of energy is expended to achieve control. It may be preferable to
use adaptive blowing to counteract sharp load excursions while allowing for a smooth variation in
lift. The optimum mean value and amplitude of Cµ would hypothetically have to be determined
by considering both fatigue loads and overall performance. In order to test the ability of adaptive
blowing to produce a smooth, sinusoidal variation of the phase averaged lift, the iterative algorithm
was adjusted for a set point of cl=2πα. As can be seen in figure 7.3(a), this linear relationship
between α and cl is in fact attainable despite the large maximum angle of attack of αmax = 25◦.
The phase averaged pressure distributions shown in 7.5(b) reveal an approximately sinusoidal
variation of the minimum pressure at the suction peak, which reaches a value of cp = −12.8 near
the maximum angle of attack.

The results presented in figure 7.3 demonstrate a remarkable control authority achievable with
adaptive blowing from the leading-edge slot. In addition to the smooth phase averaged time
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(a) baseline

(b) set point: Ld = 32N

Figure 7.4: Phase averaged cp contours above the suction surface, k = 0.06, α=18◦+7◦· sin(ωt), Re=3·105.

profiles of cl, a significant positive effect on the moment coefficient is also observed, as blowing
significantly reduces the amplitude of the cm fluctuations in all cases. This is mainly as a result
of the suppression of the dynamic stall vortex. The cm excursions are comparatively large for
Ld = 32N/m, where a negative pitching moment results from the large extent of separation during
the pitch-up motion. In the case of cl = 2πα, the moment coefficient remains virtually constant.
The cm loops are counter-rotating in all cases, indicating positive aerodynamic damping. At a
given angle of attack, the separation location is closer to the leading-edge during the pitch-down
motion than it is during the pitch-up. Even though the lift hysteresis that would result from this
effect is counteracted by a slight increase of Cµ during the pitch-down motion, the qualitative
difference between the pressure distributions during pitch-up and pitch-down remains the same.
The magnitude of this difference increases significantly with k, see figure 7.2(b).

While the experimental results indicate a large overall potential for achieving fatigue load reductions,
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(a) set point: Ld = 50N

(b) set point: cl = 2πα

Figure 7.5: Phase averaged cp contours above the suction surface, k = 0.06, α=18◦+7◦· sin(ωt), Re=3·105.

the phase averaged data only provides limited information regarding the unsteady load excursions
because the ensemble averaging process filters out the unsteady fluctuations. This aspect is
addressed in figure 7.6, where the standard deviation of the lift coefficient is represented by error
bars. In addition, plots of the time resolved load fluctuations recorded without control and with
adaptive blowing with a set point of Ld = 50N are presented in figure 7.7. As was already shown
for steady blowing in section 6.4, the random fluctuations of cl are somewhat increased with
blowing compared to the baseline, presumably because of the high turbulence intensity generated
by the wall jet. Once again, σcl is comparatively large at high angles of attack, which may be
caused by the strong turbulent pressure fluctuations occurring across the rear half of the blade as
a result of trailing-edge stall. It is rather difficult to predict the impact of the random fluctuations
on the fatigue loads that would occur on an actual wind turbine blade based on the available
wind tunnel data; the turbulence intensity in the test section is in the order of 0.3% whereas the
turbulence intensity in the earth’s boundary layer is roughly an order of magnitude larger. In light
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(a) (b)

Figure 7.6: Phase averaged aerodynamic coefficients obtained with adaptive blowing. The standard
deviation is indicated with error bars. α=18◦+7◦· sin(ωt), k = 0.06, Re=3·105.

of the short time scales of the random fluctuations, it appears unfeasible to countervail them by
adjusting Cµ. However, the length scales of the structures causing such high frequency fluctuations
can be expected to be comparatively small relative to the span of a wind turbine blade. Thus,
integrating the load fluctuations along the blade may not yield considerable net forces. In any
case, figures 7.6 and 7.7 clearly demonstrate that the unsteady load fluctuations observed with
control are almost an order of magnitude smaller than the periodic variations measured without
control.

The momentum coefficient profiles that produced the final results shown in figures 7.2 and 7.3 are
plotted as a function of the phase angle in figures 7.8(a) and 7.8(b) respectively. As expected, the
predictions based on the quasistatic results provided good estimates at small reduced frequencies,
where the degree of unsteadiness is comparatively low. At k = 0.01, control with the symmetric
Cµ profile derived from the quasistatic data with the objective of maintaining Ld = 50N/m
(labeled “quasistatic” in figure 7.8(a)) did in fact cause the phase averaged lift to remain within
the range of 49N/m<L< 52N/m (not shown). With increasing k, unsteady effects become more
pronounced, and high amplitude variations of the momentum coefficient are required in order to
keep lift constant. There are several factors that have to be balanced to maintain constant lift:
As shown above, hysteresis is counteracted by increasing Cµ throughout the pitch-down motion
(90◦ < φ < 270◦). Furthermore, the lag of the aerodynamic response to a transient change in Cµ
is a significant factor. The lag is expected to depend not only on Cµ but also on the instantaneous
values of α and U∞, and possibly dα/dt and dU∞/dt as well. In addition, the time scales of
controlled attachment on the one hand and the onset of separation following the cessation of
control or a reduction in Cµ on the other hand may well differ significantly. A significant disparity
between the time scales of controlled attachment and separation has been observed in previous
studies. For instance, flow field measurements exploring separation control with plasma actuators
on a cylinder operating at Re = 8 · 104 showed that the process of separation took more than twice
as long as controlled reattachment in some cases [187]. Somewhat similar observations were made
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Figure 7.7: Time-resolved measurements of the unsteady aerodynamic loads, set point Ld = 50N.
α=18◦+7◦· sin(ωt), k = 0.09, Re=3·105.

by Darabi and Wygnanski on an inclined flat surface [188, 189]. In the present case, tests involving
dynamic variations of the momentum coefficient at fixed incidence suggest that the increase in lift
following an increase in Cµ occurs somewhat faster than the reduction in lift caused by a decrease
in Cµ (not shown). A detailed analysis of the transient effects resulting from the variation of the
control jet velocity and the factors contributing to the shape of the Cµ profiles that produced
constant phase averaged lift would require additional detailed measurements that would go beyond
the scope of this work. Nevertheless, some of the main characteristics can be inferred from the
momentum coefficient profiles in figures 7.8(a) and 7.8(b). At a reduced frequency of k = 0.09, the
phase lag of the flow to a change in Cµ, as determined from a correlation of measured profiles of cl
and the lift coefficient profile predicted from quasistatic data, is in the order of ∆φl ≈ 30◦. Thus,
the significant shift of the maximum momentum coefficient from φ = 270◦ (quasistatic conditions)
to φ ≈ 190◦ shown in figure 7.8(a) can not be attributed to the lag alone. As shown above, the lift
hysteresis observed with steady blowing increased at higher reduced frequencies, and compensating
for it requires an increase in Cµ during the pitch-down motion. This is consistent with the shift
of the maximum momentum coefficient. In the case of cl=2πα, the blowing profile reflects the
sinusoidal variation of cl. Slight variations of Cµ are apparent at 0◦≤φ≤ 130◦. In tests conducted
at a constant momentum coefficient Cµ=6%, fluctuations of the lift coefficient were measured
throughout the same range of phase angles. Judging from the phase averaged surface pressure
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(a) Ld = 50N , various k (b) various set points, k = 0.06

Figure 7.8: Phase averaged momentum coefficient profiles. α=18◦+7◦· sin(ωt), Re=3·105.

distributions, these lift excursions appear to be caused by vortex shedding above the suction
surface. While the suction peak remained intact, relatively weak regions of low pressure which
were convected downstream were apparent. The variation of the momentum coefficient in the case
of cl=2πα appears to counteract the lift fluctuations that would otherwise result from similar
periodic vortex shedding.

7.2.2 Flow Speed Oscillation at Fixed Angle of Attack

When U∞ oscillates dynamically at a fixed angle of attack, the resulting variations of the
aerodynamic forces are primarily caused by the changing dynamic pressure. In the case of α ≈ αs,
the Reynolds number dependence of αs can lead to separation through parts of the cycle, causing
significant fluctuations in cl and cm (not shown). This effect exacerbates the lift fluctuations
since the boundary layer is more susceptible to separation at low Re, such that the loss in cl
associated with stall coincides with a relatively low dynamic pressure. However, this effect is
not explored here, as the range of α where it occurs is relatively small and the significance for
wind turbine applications is minor. The impact of the oscillating dynamic pressure is illustrated
here based on a wind tunnel speed fluctuation with Re = 3 · 105 [1 + 0.2 sin(φ)] at a reduced
frequency of k=0.05 (f =0.61Hz). The measured phase averaged wind tunnel speed is compared
to the ideal sinusoidal profile in figure 7.9. The variation of the dynamic pressure is significant:
66Pa < q < 152Pa. Control with both constant and adaptive blowing was attempted to counteract
the load excursions resulting from the unsteady freestream, the profiles of Cµ are shown in figure
7.10 for some selected cases. The label “constant” refers to steady blowing at a constant control
jet speed Uj whereas “adaptive” stands for adaptive blowing, where Cµ was varied to achieve
pre-defined control objectives. The unsteady loads and the corresponding aerodynamic coefficients
measured at a fixed angle of attack of α=15◦ are presented in figures 7.11 and 7.12.

Without control, the lift fluctuations reflect the changing dynamic pressure, as is immediately
clear from a comparison of figures 7.9 and 7.11(a). The deviations of the lift per unit span from
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Figure 7.9: Phase averaged wind tunnel speed
profile. k = 0.05, Re = 3 · 105 [1 + 0.2 sin(ωt)].

Figure 7.10: Phase averaged momentum coefficient
profiles. k = 0.05, Re = 3 · 105 [1 + 0.2 sin(ωt)].

a sinusoidal profile observed around φ=90◦ and φ=270◦ correspond to the deviations of the

measured wind tunnel speed from an ideal sine. The cp distributions only exhibit slight variations,
and so does the lift coefficient, which remains between cl=1.07 and cl=1.16.

When steady blowing is applied, the momentum coefficient is strongly affected by the flow speed
variation; an increase in q leads to a reduction of Cµ and vice versa (see equation 2.2). As long
as Cµ exceeds the threshold value where the lowest lift coefficient is attained, the change in Cµ
partially counteracts the lift fluctuations caused by the unsteady freestream. Data for a constant
jet speed of Uj =21.5m/s is presented here, which corresponds to Cµ=1.8% at the mean Reynolds
number. At the highest wind tunnel speed Cµ drops to 1.3%, whereas Cµ=2.9% is attained when
U∞ reaches its minimum, see figure 7.10. At these values of the momentum coefficient, cl increases
monotonously with increasing Cµ, the behavior at α = 15◦ is similar to the case of α = 18◦ shown
in figure 6.6(b). Hence, the lift fluctuations caused by the flow speed variation are mitigated
by the variation in Cµ. This effect is illustrated in figure 7.13 with cp distributions recorded at
the maximum and minimum wind tunnel speed. At φ = 90◦, steady blowing at Uj =21.5m/s
corresponds to Cµ = 1.3%, which causes an upstream shift of the separation location and a loss
in lift relative to the baseline. In contrast, at φ = 270◦ blowing at the same control jet speed
corresponds to Cµ = 2.9%, which produces a slight lift enhancement. These qualitative differences
are reflected in a fluctuation of the phase averaged moment coefficient, which increases as the
separation point moves downstream. Furthermore, it is interesting to note that the variation
of the turbulent separation location introduces a phase lag of the cl curve relative to the wind
speed profile. However, the main effect of the variation of Cµ is that the amplitude of the lift
fluctuations is reduced to approximately half the baseline value with steady blowing, see figure
7.11(a). Comparable results were also obtained at other constant control jet speeds. With respect
to the potential application on wind turbine blades, this finding indicates that the fatigue loads
resulting from flow speed variations could be mitigated significantly with slot blowing even if the
momentum coefficient is not dynamically adapted. The upper limit of the frequency response is
not clear at this point, but it is likely that this mechanism is less effective at very sudden flow
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(a) (b)

Figure 7.11: Phase averaged aerodynamic loads. α=15◦, k = 0.05, Re = 3 · 105 [1 + 0.2 sin(ωt)].

(a) (b)

Figure 7.12: Phase averaged aerodynamic coefficients. α=15◦, k = 0.05, Re = 3 · 105 [1 + 0.2 sin(ωt)].

speed changes, since the motion of the separation point does not occur instantaneously. This
aspect could be considered in future research.

Two cases where adaptive blowing was applied to maintain constant lift per unit span are presented
here: Ld = 28N/m and Ld = 48N/m. The momentum coefficient profiles show that Cµ was
increased substantially as the wind tunnel speed approached its minimum value in order to
compensate for the low dynamic pressure. While virtually constant lift was obtained in both cases,
the amplitude of the moment excursions was increased relative to the baseline by the variation of Cµ.
Without control, cm remained virtually constant; 0.025≤ cm≤ 0.04. In the case of Ld=28N/m,
Cµ was reduced to 0.6% at the maximum wind tunnel speed, which temporarily shifted the
phase averaged location of boundary layer separation to a chordwise position of approximately
x/c=10%. The separated flow across a large portion of the suction surface inevitably leads to a
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(a) φ = 90◦, Cµ = 1.3% (b) φ = 270◦, Cµ = 2.9%

Figure 7.13: Phase averaged cp distributions illustrating the impact of the freestream variation on Cµ.
α=15◦, k = 0.05, Re = 3 · 105 [1 + 0.2 sin(ωt)].

drop of the pitching moment. However, the amplitude of the moment excursion observed here is
relatively small compared to the strong moment fluctuations caused by dynamic stall. In the case
of Ld=28N/m, cm varied between approximately -0.065 and 0.025, which is only a small fraction
of the severe moment excursions observed with dynamic pitching, see for example figures 6.15 and
7.6(b).

7.2.3 Synchronous Pitching Motion and Flow Speed Oscillation

Dynamic stall on wind turbine rotor blades is commonly the result of a simultaneous variation
of angle of attack and flow speed. In the final stage of the investigation of adaptive blowing,
unsteady inflow conditions representative of HAWT rotor blades were experimentally reproduced
by synchronously varying both α and U∞. Even though horizontal axis wind turbines employ
asymmetric airfoils, whereas the NACA 0018 profile used in this study is symmetric, these tests
are expected to yield meaningful results, since the airfoil shape has a relatively small impact
during deep dynamic stall [62]. Two idealized scenarios, as illustrated in 7.14, are considered in
this work: a sinusoidal wind gust and the operation under yaw. On a HAWT rotor blade segment,
the relative flow speed Vrel and the angle of attack α at a given instant in time are determined by
the wind speed W and the flow speed resulting from the rotation Ur = rΩ, where r is the radius
and Ω is the turbine’s rotational speed. In both idealized cases considered here, the tip-speed
ratio is assumed to be constant, which is equivalent to a constant value of Ur. In the undisturbed
case (figure 7.14(a)), the direction of the wind is exactly perpendicular to the rotor disc and the
wind speed W is constant, yielding time-independent values of Vrel and α. When W increases as
the result of a wind gust, both the angle of attack and the relative flow speed are temporarily
elevated, as illustrated in figure 7.14(b). Hence, the excursions of α and Vrel occur in phase, which
was experimentally modeled in the wind tunnel as a synchronous sinusoidal variation of α and U∞.
When a horizontal axis wind turbine operates under yaw, Vrel is temporarily increased whereas
α is reduced on a given rotor blade during the portion of the cycle where it moves towards the
wind (figure 7.14(c)). Throughout the other half of the cycle, the opposite is the case; here the
motion of the blade in the same direction as the in-plane component of W leads to a temporary

121



7 Adaptive Blowing

(a) undisturbed operation

(b) wind gust

(c) yaw, blade moving towards wind

(d) yaw, blade moving away from wind

Figure 7.14: Idealized HAWT inflow conditions.

decrease in Vrel and a relatively high angle
of attack (figure 7.14(d)). Thus, in the case
of yaw, the periodic variation of the inflow
can be approximated as sinusoidal variations
of α and U∞ with a phase shift of τ = 180◦.
The dynamic pressure fluctuations associated
with yawed inflow can be very intense. For
instance, the dynamic pressure measured on
the NREL test turbine operating at 30◦ yaw
and U∞ = 15m/s periodically varied between
approximately 160Pa and 480Pa at a spanwise
location of 47% [7]. The minimum relative
wind speed occurred near the maximum angle
of attack, which agrees well with the present
assumption of τ = 180◦.

Test Case 1: Wind Gust

The effect of a wind gust was simulated
experimentally by combining the high am-
plitude pitching motion previously investi-
gated at a constant flow speed (see section
7.2.1) with the variation of the dynamic pres-
sure discussed in section 7.2.2: The angle
of attack was varied sinusoidally with α =
18◦ + 7◦ · sin(ωt) while the wind tunnel speed
was synchronously varied at an amplitude
of λ = 0.2 and mean Reynolds number of
Re = 3 · 105 (U∞ = 13.3m/s), see figure 7.15.
Here the phase shift is τ = 0◦, such that
αmax = 25◦ coincides with the maximum dy-
namic pressure of 150Pa, whereas q ≈ 67Pa
at αmin = 11◦.

Once again, the control objective was to elimi-
nate lift fluctuations by dynamically adapting
the momentum coefficient. It is clear from
figure 7.15 that the case of an idealized gust considered here is very challenging since the oscillations
in α and q are in phase, leading to particularly strong excursions of the lift per unit span. Over
the range of reduced frequencies considered in this work, the lift coefficient recorded with steady
blowing during quasistatic pitching turns out to be a reliable indicator of the control authority
that can be achieved by adjusting Cµ under unsteady conditions. It is plotted for various values of
Cµ in figure 7.16 for the mean Reynolds number attained in the dynamic test case, Re = 3 · 105.
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Figure 7.15: Phase averaged experimental
conditions representative of a wind gust. k = 0.06,
α = 18◦ + 7◦ · sin(ωt), Re = 3 · 105 [1 + 0.2 sin(ωt)].

Figure 7.16: Quasistatic lift coefficient attained
with steady blowing, Re = 3 · 105.

The pitch-up motion is indicated by solid lines whereas the pitch-down is shown with dashed
lines for some examples of Cµ, supporting the previous observation that steady blowing all but
eliminates hysteresis. These results are representative of the whole cycle of the unsteady test
case depicted in figure 7.15, as the values of cl(Cµ) are virtually identical for Re = 2.5 · 105 and
Re = 4 · 105 (not shown). A momentum coefficient of Cµ ≈ 0.8% (Uj ≈ 17m/s at Re = 3.6 · 105)
produced the lowest value of cl attainable with blowing almost irrespective of α. Reducing Cµ
further does not lead to an additional decrease in lift, see figure 6.6. The upper limit of control
authority is determined by the highest control jet speed that can be attained with the present
setup, which is approximately Uj = 40m/s (Cµ = 6.5% at Re = 3 · 105).

The phase averaged loads per unit span are presented in figure 7.17 for the baseline, steady blowing
with the two limiting values of Cµ and adaptive control with Ld = 40N/m. Without control, the
combination of the high angle of attack and the relatively large dynamic pressure around φ=90◦

leads to excessive lift. The opposite is the case near αmin, where the low dynamic pressure and
boundary layer separation cause a further reduction in L. As a result, the phase averaged lift per
unit span varies between L=71N/m (φ=44◦) and L=6N/m (φ=218◦). The data measured with
steady blowing at Uj = 17m/s and Uj = 40m/s provide an approximate indicator of the minimum
and maximum achievable values of L: At αmin = 11◦, the maximum attainable control jet speed
of Uj = 40m/s limits the lift per unit span to L . 40N/m. At αmax = 25◦ the smallest value of
L that can be obtained by inducing separation is also L ≈ 40N/m (Uj = 17m/s corresponds to
Cµ ≈ 0.8% at Re = 3.6 · 105). Hence, judging from the results attained with steady blowing, the
constant phase averaged lift that can potentially be obtained with adaptive blowing is limited to
Ld ≈ 40N/m. Doing so was attempted by adapting Cµ with the iterative optimization algorithm.
As can be seen from the final result shown in 7.17(a), maintaining Ld ≈ 40N/m is in fact possible
despite the challenging inflow scenario. Adaptive blowing also reduced the moment excursions,
mainly by eliminating the DSV. Hypothetically, it may be possible to further minimize the
unsteady moment variations by adapting Cµ with the objective of controlling M rather than L.
However, this was not attempted here. Since M is less sensitive to a change in Cµ than the lift, a
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(a) (b)

Figure 7.17: Phase averaged aerodynamic loads, k = 0.06, α = 18◦ + 7◦ · sin(ωt),
Re = 3 · 105 [1 + 0.2 sin(ωt)].

considerable reduction of the moment excursions would likely come at the price of significant lift
fluctuations, which would presumably more than outweigh the beneficial effect of controlling M
from a fatigue load perspective. Furthermore, cm does not change monotonously with Cµ (not
shown), making successful control of M difficult to achieve.

The phase averaged lift coefficient and the Cµ profiles are presented in figures 7.18 and 7.19
for the same test cases. With steady blowing, the variations in Cµ are caused exclusively by
the oscillation of the wind tunnel speed. Adaptive blowing almost fully exploits the available
control authority: In order to obtain Ld=40N/m, the momentum coefficient is set to Cµ=0.8%
at φ=50◦ to produce the maximum possible lift reduction (cl≈ 0.8). In contrast, at the minimum
angle of attack, Cµ is increased to 9.5%, yielding cl≈ 1.7. The momentum coefficient profile
for Ld=40N/m also provides some qualitative information regarding the unsteady response of
the flow field to an increase and a reduction in Cµ. Under quasi-steady conditions, the curve
of Cµ would be expected to be symmetric. However, the slope in the range of 150◦≤φ≤ 260◦

is significantly smaller than the negative slope at 270◦≤φ≤ 310◦, indicating that the flow field
responds faster to an increase in Cµ than it does to a reduction.

The transient variations of the uncontrolled and controlled flow fields are illustrated based on two
sets of pressure contours. The cp distributions in figure 7.20 show the qualitative features of the
flow field. In contrast, the contours of p− p∞ = cp · q presented in figure 7.21 take the varying
dynamic pressure into account and are therefore indicative of the overall aerodynamic forces acting
upon the airfoil. (The latter are representative of the loads on a wind turbine blade segment, and
thus the objective of adaptive blowing is equivalent to controlling the p− p∞ distributions.) The
shape of the cp distribution across the pressure surface is relatively insensitive to the Reynolds
number (not shown), and thus the contribution of the high pressure acting upon the pressure

124



7.2 Experimental Results

Figure 7.18: Phase averaged lift coefficient,
k = 0.06, α = 18◦ + 7◦ · sin(ωt),
Re = 3 · 105 [1 + 0.2 sin(ωt)].

Figure 7.19: Phase averaged momentum coefficient,
k = 0.06, α = 18◦ + 7◦ · sin(ωt),
Re = 3 · 105 [1 + 0.2 sin(ωt)].

surface to the overall lift is mainly dependent on q. When the boundary layer is separated,
this contribution to L is comparatively large. Even though this information is not included in
the plots shown here, the contours of p − p∞ are a good graphic indicator of the transient lift
fluctuations. Furthermore, it should be noted that the comparison of cp and p− p∞ is equivalent
to a comparison of the lift coefficient (figure 7.18) and the lift per unit span (figure 7.17(a)); the
differences between the distributions of cp and p− p∞ are also reflected in the integral values.

The baseline cp distribution (figure 7.20(a)) is virtually identical to that recorded at a constant
freestream (see figure 7.4(a)), illustrating that the unsteady flow speed mainly impacts the loads
via the changing dynamic pressure. The qualitative impact of adaptive blowing is clearly visible
in figure 7.20(b): Turbulent boundary layer separation is induced close to the leading-edge to
minimize L at αmax, while at αmin separation is shifted towards the trailing-edge. The low surface
pressure induced downstream of the control slot is reflected in a narrow band of small cp. However,
the impact of this low pressure “spike” discussed in section 6.2.2 on L is relatively small.

It is interesting to note that the changing dynamic pressure leads to a variation of the relative
impact of the dynamic load fluctuations caused by dynamic stall on the one hand and by boundary
layer reattachment on the other hand: As q is comparatively large at φ ≈ 45◦ in the case of τ = 0◦

considered here, dynamic stall produces significant excursions in L and M . This is reflected in
the larger strength of the corresponding fluctuations of p− p∞ compared to the cp contours. On
the contrary, the abrupt increase in lift caused by the reattachment of the flow at φ ≈ 225◦ has a
comparatively small impact on L due to the low value of q at this stage. The difference in shape
of the baseline cl and L curves also reflects this impact of the dynamic pressure on the relative
strength of the load excursions.
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(a) baseline

(b) set point Ld = 40N/m

Figure 7.20: Phase averaged cp contours above the suction surface. k = 0.06, α = 18◦ + 7◦ · sin(ωt),
Re = 3 · 105 [1 + 0.2 sin(ωt)].

The standard deviation of the lift per unit span σL(φ) and that of the moment per unit span σM (φ)
were calculated in an analogous way to those of the aerodynamic coefficients (equation 6.3) to
quantify the cumulative effect of cycle-to-cycle deviations and random turbulent load fluctuations,
the results are presented in figure 7.22. The baseline values of σL(φ) and σM (φ) are very similar
qualitatively to the corresponding data recorded at a constant flow speed (figure 7.6), the slight
differences are the direct result of the varying dynamic pressure. Even though the variations
are the largest during dynamic stall, the fluctuations of the timing when the DSV is shed are
relatively small, as indicated by the moderate values of σL(φ) and σM (φ) prior to and following
these unsteady events. Hence, while the strength of the DSV fluctuates considerably from cycle to
cycle (see figure 7.7), it occurs at a relatively fixed angle of attack. With adaptive blowing, the
variations are the largest at 100◦ < φ < 150◦. This is consistent with the observation previously
made with steady blowing that strong variations of the separation location (and, in the case of
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(a) baseline

(b) set point Ld = 40N/m

Figure 7.21: Phase averaged pressure contours above the suction surface. k = 0.06, α = 18◦ + 7◦ · sin(ωt),
Re = 3 · 105 [1 + 0.2 sin(ωt)].

very high Cµ, vortex shedding above the suction surface) produce transient load fluctuations at
relatively high frequencies.

Test Case 2: Yawed Inflow

The second unsteady inflow scenario considered in this work is the case of a horizontal axis
wind turbine operating under yaw, as illustrated in figures 7.14(c) and 7.14(d). The sinusoidal
oscillations of α and U∞ are the same as in the previous section, however in this case the phase
shift is τ = 180◦: α = 18◦ + 7◦ · sin(ωt), U∞ = 13.3m/s [1 + 0.2 sin(ωt − 180◦)], such that the
maximum dynamic pressure coincides with the minimum angle of attack and vice versa (see figure
7.23). Plots of the aerodynamic loads are presented in figure 7.24 for the baseline and selected
control cases, the corresponding lift coefficient and the momentum coefficient profiles used for
control are shown in figures 7.25 and 7.26.
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(a) (b)

Figure 7.22: Phase averaged aerodynamic loads obtained with adaptive blowing. The standard deviation is
indicated with error bars. k = 0.06, α = 18◦ + 7◦ · sin(ωt), Re = 3 · 105 [1 + 0.2 sin(ωt)].

Figure 7.23: Phase averaged experimental
conditions representative of yawed inflow. k = 0.06,
α = 18◦ + 7◦ · sin(ωt),
Re = 3 · 105 [1 + 0.2 sin(ωt− 180◦)].

The baseline lift per unit span reveals that the
impact of the dynamic pressure outweighs the
angle of attack oscillation: Maximum lift is
attained close to αmin even though the bound-
ary layer remains attached until dynamic stall
occurs close to the maximum angle of attack.
This outcome is expected despite the large
amplitude of the pitching motion, where αmax
is more than twice as large as αmin, because
the movement of the turbulent separation
location towards the leading-edge at high in-
cidence leads to a reduced lift slope. In con-
trast, the relationship between the lift per
span and the dynamic pressure is approxi-
mately linear since the Reynolds number de-
pendence is relatively small. The same trend
is observed with steady blowing at a control
jet speed of Uj ≈ 22m/s (1.4% < Cµ < 3%),
which suppresses dynamic stall and produces negative dL/dα during both pitch-up and pitch-
down. With steady blowing at moderate Uj , the time profile of the lift per unit span is essentially
determined by three contributions:

1. Judging from the quasistatic data in figure 7.16, the lift coefficient slightly increases with
increasing angle of attack throughout the range of 11◦ < α < 25◦.

2. Cµ varies throughout the cycle due to the variation of q, producing an increase in cl at the
maximum angle of attack.
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(a) (b)

Figure 7.24: Phase averaged aerodynamic loads, k = 0.06, α = 18◦ + 7◦ · sin(ωt),
Re = 3 · 105 [1 + 0.2 sin(ωt− 180◦)].

3. The dynamic pressure attains its maximum value at φ ≈ 270◦, dramatically increasing lift
at low incidence.

Clearly, the oscillation of q is also the dominant factor in the case of steady blowing shown here,
as it outweighs the impact of the first two contributions. Hence, in order to attain constant lift
per unit span, Cµ has to be further increased at high angles of attack to balance the low dynamic
pressure, which is illustrated here for two set points.

When the pitching motion and the wind speed variation are out of phase, as is the case with
yawed inflow on HAWTs, the large control authority achievable with adaptive blowing actually
allows for choosing a value of virtually constant phase averaged lift per unit span from a wide
range of attainable values. In the present case, both Ld=30N/m and Ld=60N/m were obtained
by adapting Cµ, as illustrated in figure 7.24(a). The profile of Cµ for Ld=60N/m indicates that
the momentum coefficient was increased considerably near the maximum angle of attack, the
amplitude of the Cµ profile is significantly larger than that for Ld=30N/m. This difference can
be explained with the reduction of dcl/dCµ at high values of the momentum coefficient, see figure
6.6. Once Cµ is sufficiently large for turbulent boundary layer to be fully suppressed, a further
increase only affects the lift coefficient through circulation enhancement, which is a less efficient
control mechanism than separation control. Hence, a comparatively high momentum input is
required at φ = 90◦, where q is at its minimum, in order to obtain Ld=60N/m. Adaptive blowing
could in principle be used to achieve higher values of constant phase averaged lift, but this would
clearly be inefficient from an overall performance perspective.

The plots of the standard deviation of the loads per unit span are presented in figure 7.27. Overall,
the results are comparable to those obtained with the same pitching motion at different flow
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7 Adaptive Blowing

Figure 7.25: Phase averaged lift coefficient,
k = 0.06, α = 18◦ + 7◦ · sin(ωt),
Re = 3 · 105 [1 + 0.2 sin(ωt− 180◦)].

Figure 7.26: Phase averaged momentum coefficient,
k = 0.06, α = 18◦ + 7◦ · sin(ωt− 180◦),
Re = 3 · 105 [1 + 0.2 sin(ωt)].

speeds discussed before. Without control, the significant cycle to cycle variations of the transient
loads associated with dynamic stall lead to the largest disparity. It is interesting to note that both
σL and σM are the highest near the minimum angle of attack with Ld = 30N/m. Even though
this finding is at odds with the previous observations, it is consistent with the low momentum
coefficient applied during this portion of the cycle. Stall is induced across vast portions of the
suction surface to compensate for the high dynamic pressure at this stage, leading to comparatively
strong turbulent pressure fluctuations. The qualitative effect of adaptive blowing is illustrated with
contours of cp and p− p∞ in figures 7.28 and 7.29. A comparison of the baseline cp distributions
recorded at a constant freestream (figure 7.4(a)), the in-phase variation of α and U∞ (figure
7.20(a)) and the out-of-phase variation (figure 7.28(a)) indicates a good qualitative agreement.
The timing of dynamic stall and boundary layer reattachment are hardly affected by the Reynolds
number, such that the resulting lift coefficient profiles are very similar. However, it should be
noted that the relative strength of the dynamic stall vortex, as indicated by the cp distributions
and the cl curves, is significantly larger in the scenario representative of yawed inflow than it is in
the case of the wind gust. This observation is in excellent agreement with the variation of the
reduced frequency explored in section 5.2: With τ = 180◦, the flow speed is relatively small as
α approaches the maximum angle of attack, and hence the instantaneous value of k(φ = 45◦) is
significantly larger than in the case of τ = 0◦. The pressure coefficient distributions in figures
7.20(a) and 7.28(a) reveal that this disparity in k does in fact produce noticeable differences in
the non-dimensional strength of the dynamic stall vortex.

Despite these significant qualitative differences, the quantitative impact of the flow speed variation
on the forces acting upon a hypothetical wind turbine blade segment, represented by the loads
per unit span, shows the opposite trend. A comparison of the pressure distributions presented in
figures 7.21 and 7.29 illustrates that the impact of the dynamic pressure on the relative magnitude
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(a) (b)

Figure 7.27: Phase averaged aerodynamic loads obtained with adaptive blowing. The standard deviation is
indicated with error bars. k = 0.06, α = 18◦ + 7◦ · sin(ωt), Re = 3 · 105 [1 + 0.2 sin(ωt− 180◦)].

of the aerodynamic load fluctuations clearly outweighs the effect of the variation of k(φ). As
already discussed in section 7.2.3, in the inflow scenario representing a wind gust, the large value
of q during the portion of the cycle where dynamic stall occurs exacerbates the resulting load
fluctuations. In contrast, under yawed conditions, the relative importance of the boundary layer
reattachment is increased dramatically, as can be seen from a comparison of figures 7.28(a) and
7.29(a). This finding is very interesting for wind turbine applications because it suggests that
during yawed inflow, the transient reattachment process can actually produce stronger dynamic
load excursions than dynamic stall.

The dynamic pressure is clearly the dominant factor determining the unsteady aerodynamic
loads measured for the two idealized inflow scenarios studied here. In addition to the effect on
the baseline lift described above, the central importance of q can also be appreciated from the
profiles of the momentum coefficient that produced virtually constant phase averaged lift: In
both in idealized scenarios, Cµ was adjusted to counteract the impact of the changing dynamic
pressure. This was also true when the pitching motion alone would have required the opposite, as
was the case with τ = 180◦. The present findings highlight the importance of compensating for
the transient changes of the dynamic pressure, which is crucial for effective control of unsteady
aerodynamic loads.
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(a) baseline

(b) set point Ld = 30N/m

(c) set point Ld = 60N/m

Figure 7.28: Phase averaged cp contours above the suction surface. k = 0.06, α = 18◦ + 7◦ · sin(ωt),
Re = 3 · 105 [1 + 0.2 sin(ωt− 180◦)].
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(a) baseline

(b) set point Ld = 30N/m

(c) set point Ld = 60N/m

Figure 7.29: Phase averaged pressure contours above the suction surface. k = 0.06, α = 18◦ + 7◦ · sin(ωt),
Re = 3 · 105 [1 + 0.2 sin(ωt− 180◦)].
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8 Conclusions

This work summarizes a study of deep dynamic stall and its control. Experiments conducted
in a custom-built wind tunnel facility have provided insight into several aspects that have not
previously been considered. The impact of rapid, high amplitude wind speed fluctuations on the
dynamic stall mechanism was systematically investigated. The results shed light on the distinctive
features of dynamic stall during inflow conditions representative of wind turbine rotor blades.
Furthermore, a novel active flow control technique based on dynamically adjusting the momentum
of a wall jet was developed and successfully tested.

Phase locked measurements during high amplitude pitching revealed a striking feature of the
flow field, which has not previously been documented to the author’s best knowledge: A strong,
large scale dynamic stall vortex referred to as the “aft dynamic stall vortex” (ADSV) was formed
across the rear half of the suction surface prior to the emergence of the well-known leading-edge
DSV. The low surface pressure induced by the ADSV lead to a significant momentary reduction
in pitching moment prior to the drop in cm caused by the convection of the leading-edge dynamic
stall vortex. The experimental data available at present does not allow for a conclusive evaluation
of the causes of its formation. It is likely that the appearance of the ADSV is linked to the NACA
0018 airfoil geometry investigated here, which is significantly thicker than the rotorcraft airfoils
typically considered for dynamic stall research.

The impact of unsteady flow speed variations on the dynamic stall mechanism was analyzed based
on a comparison with data recorded at constant flow speeds. It was shown that the reduced
frequency effectively changes as a function of the phase angle: k(φ) = πfc/U∞(φ). This effect has
a substantial impact on the non-dimensional strength of the dynamic stall vortex as well as the
details of the boundary layer reattachment. In addition, the varying reduced frequency is expected
to produce significant changes in the timing of dynamic stall onset under conditions where the
Reynolds number dependence is less pronounced. However, the aerodynamic load fluctuations
were determined primarily by the variation of the dynamic pressure.

The well-known matched pitch rate concept was extended to the case of synchronous variations
in angle of attack and flow speed. For the first time, the similarity of dynamic stall occurring
under vastly different inflow scenarios was explored by matching both the pitch rate and the wind
tunnel speed throughout the relevant portions of the cycle. This approach produced an excellent
agreement between the matched data sets, indicating that the details of deep dynamic stall are
essentially determined by the inflow over a limited portion of the cycle, whereas the impact of the
preceding boundary layer development is almost negligible.

The effect of separation control by means of slot blowing was initially tested at constant momentum
coefficients. A comparison of control slots located at x/c = 5% and x/c = 50% showed that control
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near the leading-edge was far more effective and versatile: High-momentum blowing counteracted
boundary layer separation yielding enhanced lift. In contrast, the ejection of low-momentum
fluid destabilized the boundary layer and induced stall, allowing for substantial lift reductions.
Furthermore, blowing at moderate and high momentum coefficients effectively suppressed the
formation of the dynamic stall vortex, eliminating the associated rapid load excursions.

Based on these initial results, a novel active flow control concept termed “adaptive blowing” was
implemented with the objective of suppressing dynamic stall and simultaneously minimizing
lift excursions. The momentum flux of the control jet ejected from the leading-edge slot was
dynamically adjusted in order to adapt the airfoil’s lift characteristics to the instantaneous inflow
conditions. Feed-forward control was applied to counteract the dynamic fluctuations of the lift
per unit span by iteratively adjusting the momentum coefficient time profiles. This technique was
successfully tested under various inflow conditions including incidence oscillations at constant
freestream and flow speed variations at a fixed angle of attack. Finally, two idealized inflow
scenarios representative of horizontal axis wind turbine blades were reproduced by modeling the
synchronous variations of both the angle of attack and the relative flow speed. Adaptive blowing
provided an unprecedented control authority in all these cases. To the author’s best knowledge,
this work marks the first time that:

• The momentum coefficient of slot blowing was dynamically varied with the objective of
controlling unsteady aerodynamic loads.

• The stall-inducing effect of low-momentum blowing was exploited to alleviate excessive lift.

• Virtually constant phase averaged lift was achieved through the combination of suppressing
dynamic stall and varying the control jet momentum. This result is particularly noteworthy
in light of the severe inflow variations, where the angle of attack was dynamically oscillating
between αmin = 11◦ and αmax = 25◦ and the dynamic pressure was synchronously varied by
a factor of more than two.

Overall, the experimental results indicate a large potential for the reduction of unsteady aerody-
namic loads by means of adaptive blowing. While the present work was focused exclusively on
feed-forward control, the use of closed-loop control during random inflow variations could be the
objective of future work. The experimental setup is ideally suited to reproduce realistic inflow
time sequences representative of wind turbine rotor blades, which could be obtained either from
field tests or from numerical simulations.

There are many other aspects that have to be addressed before the possible merits of implementing
adaptive blowing on the rotor blades of commercial wind turbines can be evaluated. In terms of
aerodynamics, the optimum control slot geometry and the achievable control bandwidth are of key
importance. For an overall assessment of the potential economic benefit, the energy consumption
of the actuators, the manufacturing costs as well as the overall impact of control on the fatigue
loads need to be determined. In light of the exceptional control authority, it appears that adaptive
blowing could emerge as an effective aerodynamic load control solution for wind turbines.
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