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A B S T R A C T

Dynamic stall has been a technical challenge and a fluid dynamical subject of interest for more than fifty
years; but in the last decade significant advances have been made in the understanding, prediction, modeling,
and control of dynamic stall on rotors. This paper provides a summary of the state of the art of dynamic stall
experiments and future directions in the understanding of dynamic stall on rotors. Experimental data sets are
discussed, as well the direction of future research for control of dynamic stall. Coordinated testing between
airfoils and rotating blades, as well as close integration between computational and experimental studies
were found to be productive approaches. Advanced analysis methods, including statistical methods, modal
representations, and artificial intelligence methods have led to significant advances in the understanding of
dynamic stall. Investigations of dynamic stall control devices have allowed many useful targeted investigations
of the transition to separated flow, but have not yet resulted in a commercially implemented device.
1. Introduction

Classic dynamic stall is an unsteady aerodynamic phenomenon re-
sulting from the combination of high angles of attack and a rapid angle
of attack change of a lifting surface during which the flow separates. In
practice, dynamic stall is generated by complex flowfield phenomena
including shear layers and vortices that interact with one another [1].
Dynamic stall is classically of primary interest in rotor aerodynamics,
but is a key element of many problems in unsteady aerodynamics
including fixed and flapping wing vehicles, axial and cross-flow wind
and tidal turbines, and flight through air wakes. The ability to predict
dynamic stall and mitigate it within flight envelopes of many scales
is necessary to improve current safety standards and to mitigate the
effects of dynamic stall in new designs and missions. Dynamic stall has
been studied for more than fifty years. However, driven by advances
in computational modeling and optical measurement techniques over
the last decade, significant advances have been accomplished in the
understanding, prediction, modeling and control of dynamic stall in
many applications, most notably on rotating wings. This is visible in
the large number of publications on both translating and rotating wing
dynamic stall (∼19,000 since 1970) as illustrated in Fig. 1.
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Research in dynamic stall continues to achieve improved accuracy
in quantitative predictions to inform new rotor designs needed for fu-
ture military [2,3] or civil helicopters [4]. Dynamic stall is an important
load case that limits the dimensions of new helicopters, so increased
accuracy in the predictions of loads will improve the structural design
of future vehicles. The ability to predict and control dynamic stall
is also necessary to improve upon current safety standards, and an
improved understanding of the physics of dynamic stall and resulting
blade loads will provide better estimates of achievable flight envelopes.
This is true for existing vehicles and missions, as well as for future
Urban Air Mobility (UAM) applications, where flight in urban and
unsteady aerodynamic environments can result in additional sources of
rapid changes in blade angle of attack (thereby risking dynamic stall)
due to flight through wakes and gusts [5,6].

Dynamic stall behavior in rotating wing applications is dependent
on a large variety of conditions, and its complex and nonlinear behavior
has been the focus of many experimental and computational efforts.
Current lower fidelity numerical analysis is insufficient for captur-
ing the details of dynamic stall [3], so computational fluid dynamics
(CFD) or computational fluid dynamics-computational structural dy-
namics (CFD-CSD) analyses are desirable [7]. Experiments in dynamic
vailable online 4 February 2023
376-0421/© 2023 The Authors. Published by Elsevier Ltd. This is an open access ar

https://doi.org/10.1016/j.paerosci.2023.100887
Received 10 October 2022; Received in revised form 14 January 2023; Accepted 1
ticle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

4 January 2023

https://www.elsevier.com/locate/paerosci
http://www.elsevier.com/locate/paerosci
mailto:tony.gardner@dlr.de
mailto:arjones@umd.edu
mailto:karen.mulleners@epfl.ch
mailto:naughton@uwyo.edu
mailto:ms55@gatech.edu
https://doi.org/10.1016/j.paerosci.2023.100887
https://doi.org/10.1016/j.paerosci.2023.100887
http://crossmark.crossref.org/dialog/?doi=10.1016/j.paerosci.2023.100887&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Progress in Aerospace Sciences 137 (2023) 100887A.D. Gardner et al.
Fig. 1. Google Scholar entries for ‘‘dynamic stall’’, by year.

stall largely fall into two categories: the investigation of the physical
phenomena associated with dynamic stall and the development of
databases for high-fidelity computational validation. These experiments
are of course not mutually exclusive, but experiments are typically
designed in the first instance with a focus towards one or the other.
Since the advent of high-fidelity, first-principles modeling in the design
of experiments, significant advances in the quality of the experiments
have been made, particularly in the selection of sensor positioning and
in the understanding of how the discrete sensor positioning affects the
comparisons between experiments and CFD [8]. CFD computations of
experimental geometries and conditions have also clarified previously
under-explored systematic errors that can arise due to model mount-
ing and wind tunnel interference, resulting in a reevaluation of how
experiments and CFD can complement each other in the development
of our understanding of dynamic stall and other complex aerodynamic
phenomena.

Dynamic stall experiments have been performed on many different
apparatuses, ranging from those that isolate specific phenomena to
those that capture a wide range of phenomenon. Flight tests, for exam-
ple, promise a full range of aerodynamic phenomena, but are costly and
limited in the measurement techniques and resolution available and in
the part of the flight envelope they can cover, so that identification
and analysis of the stall phenomena are hindered. Rotor test rigs
allow additional measurement techniques, but the flexible surfaces in
a rotating system and the requirement of a large wind tunnel typically
limit the range of measurements that can reasonably be performed.
Furthermore, even when high quality measurements can be acquired,
it can be difficult to separate the causes of load and flow phenomena
due to the complex environment. Further reductions in the physical
complexity of the experimental apparatus (finite wings, pitching air-
foils) can allow more detailed understanding of the individual dynamic
stall phenomena, typically with increased measurement resolution. Fi-
nally, more canonical experiments and a direct comparison with classic
theory can form a strong theoretical foundation for understanding the
more complex flows that evolve on rotors in flight.

The improved understanding of dynamic stall through experiments
and computations can guide new ideas to control these flows. A wide
array of flow control experiments for dynamic stall are reviewed here,
showing the strengths of different approaches. Many passive and ac-
tive flow control strategies have been demonstrated to be effective in
suppressing or delaying dynamic stall in a controlled experimental or
numerical setting. These proof of concept experiments contribute to our
understanding of the development of dynamic stall even if the tested
approaches have not made to the implementation stage yet.

The remainder of this article is arranged as follows. Section 2
provides a description of dynamic stall followed by a description of
different experiments including those conducted in flight (Section 3.1),
on rotor rigs (Section 3.2), on pitching wings (Section 3.3), and on
airfoils (Section 3.4) as well as specialized experiments to address par-
ticular phenomena (Section 3.5). Special topics related to dynamic stall
measurement are presented in Section 4. Following these experiments,
2

a discussion of control of dynamic stall is presented in Section 5.
Finally, future directions and concluding remarks are presented in
Section 6.

This review article is focused primarily on experimental advances
in state of the art in rotating dynamic stall. Advances in this field
require experimental, computational and theoretical contributions that
together provide a full overview of the field. Additional topics not
covered by this paper include aeroelastic modeling of dynamic stall on
rotors and sensing of the onset of dynamic stall, among other areas that
focus on more traditional computational and theoretical advances.

2. Definition of dynamic stall

Classically, dynamic stall has been defined as the unsteady phe-
nomenon when flow separates then reattaches as the pitch angle (angle
of attack) harmonically oscillates on a lifting surface such as a wing
or rotor blade. In many cases (e.g., on a rotor in forward flight), the
angle of attack of the blade varies periodically with a large amplitude,
and thus subsequent to dynamic stall, the blade pitches down and flow
reattaches [9]. Many of the examples that follow will be in-line with
that concept.

For the purposes of this review, dynamic stall has been generalized
to be the process of unsteady flow separation on a lifting surface at
an effective angle of attack greater than the static stall angle. Flow
separation, and thus stall, can be delayed due to rapid increases in the
effective angle of attack of the surface (i.e., wing, blade, or plate) due
to either changes in blade pitch (i.e., motion of the blade) or in the
relative flow speed and/or direction (e.g., gust encounters or blade-
vortex interactions). Flow reattachment is a complex process that has
attracted much research in its own right [10–13], and thus for the
purposes of the current work, the following sections will focus primarily
on the process of flow separation and stall (and the resulting flow
phenomena and blade loading) rather than reattachment and recovery.

Over the years, dynamic stall has often been categorized in a
number of ways. One of the more common is to differentiate between
light and deep dynamic stall [1]. These descriptors are typically used
to emphasize the ‘‘amount’’ of stall. In general if a pitching airfoil
is driven in a high amplitude pitch variation (Fig. 2), there will be
some range of angles of attack over which dynamic stall first occurs
and where increasing amplitude results in increasing pitching moment
peaks. This ‘‘light stall’’ region is also relatively sensitive to small
changes in the input conditions. If the amplitude is further increased,
the forces caused by stall no longer continue to increase, and the
aerodynamics become relatively insensitive to small changes in the
input conditions. This ‘‘deep stall’’ region typically does not have a
clear separation from that of ‘‘light dynamic stall’’, and the definitions
of the bounds vary in the literature. Most classifications are based on
the degree and extent of the flow separation. A distinction based on
underlying physical mechanism and timing of stall onset is proposed
by [14]. When the onset of dynamic stall on an oscillating airfoil occurs
before the maximum angle of attack is reached, the flow and force
responses show the general features of deep dynamic stall. Conditions
where the sign of the pitch rate is reversed before the dynamic stall
onset angle of attack is reached, are considered light dynamic stall
conditions.

Similarly, trailing edge stall and leading edge stall are used to de-
scribe the progression of dynamic stall [16]. Pitching thick airfoils (or
sometimes thin airfoils if the pitch rate is sufficiently slow) typically
display a separation region that grows from the trailing edge towards
the leading edge. This results in a relatively gentle peak in lift before
stall occurs, as illustrated in Fig. 3. This ‘‘trailing edge stall’’ can be
contrasted with ‘‘leading edge stall’’, in which the separation region
grows from the leading edge, while the flow near the trailing edge
remains (temporarily) attached. In this case, which occurs for thin
airfoils, airfoils with sharper leading edges, or airfoils that are pitched
more rapidly, flow separation occurs within a short time and leads to
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Fig. 2. Dynamic stall of the EDI-M109 airfoil at Mach 0.3 showing increasing pitching
moment peaks with increasing pitching amplitude. [15]. (a) Lift (b) Pitching moment.

Fig. 3. Dynamic stall of different airfoils at M=0.3, from [15]. The EDI-M109 airfoil
shows a lift history typical of leading edge stall, whereas the EDI-M112 shows a
lift history typical of trailing edge stall. The OA209 airfoil has been shown by PIV
measurements to have leading edge stall [14], but the lift history is intermediate
between the other two.

a more sudden stall. Reverse flow dynamic stall is a relatively rare phe-
nomena that occurs on rotors operating at high advance ratio. In this
case, the relative freestream moves from the typically sharp geometric
trailing edge of the blade to the typically blunt geometric leading edge.
In reverse flow, the sharp aerodynamic leading edge typically leads to
rapid flow separation and thus leading edge stall [17–20].

Dynamic stall can occur anywhere along the rotor radius, so that the
local freestream Mach number may vary from incompressible to high
subsonic compressible. Compressibility effects, which may be found in
3

freestream velocities as low as 𝑀∞ = 0.2, have been observed to change
the mechanism of dynamic stall, as well as reduce the nonlinear lift
peaks at onset of dynamic stall, when compared to their incompressible
counterparts. Carr and Chandrasekhara [21] have published a review
of compressibility on dynamic stall that further elucidates these effects.

If a rotor blade moves through a wake, region of vortices (e.g., shed
from preceding blades), or turbulent air, the aerodynamic angle of
attack may suddenly change due to the ambient environment rather
than any particular motion of the blade itself. In these cases of wake in-
gestion or blade-vortex interaction, dynamic stall may occur even though
the physical angle of attack is relatively constant [22]. This type of
interaction is relatively common for highly loaded rotors or rotors
in turning flight, and is also a primary cause of structural loads and
acoustic emissions.

These terms form a basis for a common language that will be
used to discuss the characteristic flow phenomena and the associ-
ated force responses in the following examples, which range from
three-dimensional, high Reynolds number flight tests, to nominally
two-dimensional low Reynolds number pitching airfoils.

3. Dynamic stall experiments

3.1. Flight tests

The most direct method of measuring a flight-relevant flow is to
instrument a flight vehicle. Flight tests can provide invaluable data,
but at high cost and typically lower measurement resolution than is
possible in the laboratory. The most complete set of dynamic stall
flight data comes from the NASA UH-60 (Fig. 4a) flight program [23].
In this program, the UH-60 helicopter was instrumented with 242
pressure sensors, which could be individually analyzed or integrated,
and dynamic stall detection was provided by pressure sensor analysis
(Fig. 5). Dynamic stall was observed in level flight corresponding to
the advance ratio 𝜇=0.3 and solidity-weighted thrust 𝐶𝑇 /𝜎=0.12 case.
Dynamic stall was also observed in a pull-up maneuver. Stall regions
are highlighted in Fig. 5 on the retreating blade side of the rotor disk
(third and fourth quadrants), and also in the first quadrant for some
flight conditions. These data confirm results from flexible rotor wind
tunnel tests and their corresponding computations (e.g., on the 7 A [24]
and UH-60 A [25] rotors). In an operational flight environment, at least
three stall events from different origins can occur during a single blade
revolution.

In a separate flight test, a dynamic stall point was also observed on
the Bluecopter helicopter (Fig. 4b) during strong left turning flight [4].
The rotor advance ratio at this point was 𝜇=0.35 and the descent angle
was 9◦. Based on the available instrumentation and sensor data, a rotor
thrust coefficient of 𝐶𝑇 /𝜎=0.145 was computed with 5% accuracy. The
helicopter was only instrumented with control settings, attitude and
flight speed, pitch link loads and rotor thrust instrumentation, and flow
measurements of dynamic stall are not available.

Flight test data provide a rich source of data on the possible ram-
ifications of dynamic stall, particularly on vibration and structural
loads. Flight tests are not ideal to identify the aerodynamic sources of
the loads or to validate computational methods. Measurements during
flight tests are typically restricted by safety considerations and by the
limitations of instrumenting a certified aircraft. Tests on isolated rotors
provide more insights into the aerodynamics of a rotor, with fewer test
restrictions.

3.2. Rotor test rigs

Dynamic stall can be triggered not only by high angles of attack,
but also by blade-vortex interactions, shocks, and rotor trim to high
collective pitch. The primary differences in the dynamic stall vortex on
a rotor (rather than a non-rotating airfoil) are that the vortex is more
compact and that the rotational motion of the rotor has a stabilizing
effect on its formation and convection [27]. As such, it is useful to move
from flight tests to stationary rotors, decreasing the complexity of the
flow while maintaining blade rotation, before simplifying the flow.
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Fig. 4. (a) NASA UH-60 aircraft. [26] (b) Bluecopter demonstrator helicopter, from [4].

Fig. 5. Images from UH-60 airloads program tutorial [26].

3.2.1. Flexible rotors
The consequences of dynamic stall can include strong aerodynamic

flutter and the typical double-hump local aerodynamic angle of attack
progressions. On flexible rotors, the angle of the rotor blade increases
until dynamic stall occurs. The resulting high negative pitching moment
then causes a nose-down torsion of the blade tip (although the root
is still increasing in pitch angle). When the negative pitching moment
peak drops off, often with partial flow reattachment, the blade springs
back to higher angles of attack, causing a second stall. Thus the blade
4

Fig. 6. Examples of flexible rotor wind tunnel experiments. (a) GOAHEAD [27] (b)
University of Maryland (UMD) rotor stand in the Glenn L. Martin Wind Tunnel
(GLMWT) [28,29] (c) Onera 7AD rotor in SM1 A wind tunnel [24] (d) Tunnel test
of the UH-60 A airloads rotor [30].

motion is not a function similar to a sine-wave, but rather a double-
hump near the peak angle of attack. This is common for all rotors with
deep dynamic stall, but has clearly been observed on the UH-60 A and
7AD [25,31].

Since the blade elasticity can lead directly to stall, it is one of
the most important differences between stiff and flexible rotors. A
complete set of measurement of the flight conditions, blade shapes, and
structural properties during a flexible rotor experiment are desirable
for high-fidelity computational validations. Experimental campaigns of
these rotors therefore require more instrumentation than their stiff
rotor counterparts to accurately quantify both the aerodynamic and
structural loads, as well as blade deflections. Some datasets on flexi-
ble rotors include those represented in Fig. 6: the GOAHEAD project
data, acquired for only a relatively small number of cycles [32]; the
7A/7D internal ONERA data, some of which is published in Crozier
[33]; the UH60 A data acquired over a large text matrix including a
thrust and speed sweep [30]; and the UMD GLMWT data (e.g., [34])
which includes studies on several different configurations and, no-
tably, time-resolved flowfield measurements in reverse flow dynamic
stall [18].

High advance ratio rotors experience dynamic stall on the retreating
side of the rotor disk in reverse flow. The loads generated by the stall in
reversed flow are at low dynamic pressure, meaning that their impact
on pitch link loads may be minimal in terms of pitching moment;
however their impact on radial forces and drag can be important—
especially when coupled to a lag damper or a rigid rotor with pitch/flap
coupling.

Flexible rotor test data provide many of the same dynamic stall
effects seen in flight. The measurements are restricted by safety con-
siderations limiting the load on the rotors, and it is difficult to separate
aeroelastic and trim effects from aerodynamic effects. Tests on stiff
rotors can provide more insights into the aerodynamics with fewer
dynamic effects.

3.2.2. Elastically stiff rotors
To produce an experiment which can be well reproduced com-

putationally, the elastically stiff rotor offers a valuable compromise
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Fig. 7. Examples of stiff rotor experiments. (a) DLR Rotor Test stand Göttingen
(RTG) [35] (b) Georgia Tech High Advance Ratio Facility (HARF) [36].

between the stiff finite wing and the flexible rotor. These tests are
complex experiments that are often not directly related to industrial
configurations, but are capable of generating high quality data for
computational validation. Small-scale stiff rotors offer simplicity due to
the ability to identify the rotor blades using known (prescribed) motion.
In addition, these tests may be defined to explore deep dynamic stall,
which is more difficult to achieve in flexible rotor tests. It remains
challenging to obtain highly resolved flow field measurements due the
rotating system transformations that make the three-dimensional flow
difficult to visualize. Additionally, many small rotating wing experi-
ments have low aspect ratios, low Reynolds numbers (and often low
Mach numbers) with hubs and mounts that are bulky compared to their
full-size counterparts. Alternatively, flexible rotors in the wind tunnel
offer much more realistic aspect ratios and slender blades that operate
at higher Mach and Reynolds numbers.

Notable stiff rotor test rigs include the DLR RTG axial inflow fa-
cility [35], Georgia Tech high advance ratio facility [36], Technical
University of Munich Rotor [37], DLR wind tunnel rotor (GHM), and
the NREL Phase VI [38] and Mexico [39]. Note that with the exception
of the NREL facilities (for wind turbines), all of these rigs were de-
signed, built, and operated with the purpose of modeling aerodynamics
related to the operational envelope of a helicopter.

Two main approaches are typically employed in stiff rotor experi-
ments, illustrated in Fig. 7. The RTG uses slow (<5 m/s) axial inflow
from a wind tunnel to produce an effect similar to a pitching airfoil
in the rotating system. In this setup, the blade Mach number is only
a function of the rotor radius, much like a rotor in hover. The blade
angle of attack is a function of the azimuthal position and varies
periodically with the rotor frequency. This results in a flow situation
where extensive data can be acquired for both stalled and fully attached
flows at relatively low cost [35,40]. The Georgia Tech High Advance
Ratio Facility (HARF), for example, employs a traditional closed circuit
wind tunnel with a stiff rotor mounted normal to the flow direction to
investigate rotors at varying advance ratios with dynamic stall [36].

Elastically stiff rotor test data allow researchers to isolate the aero-
dynamic effects from the elastic and dynamic effects of stall. Measure-
ments are less restricted by safety considerations and high loads in deep
dynamic stall can be achieved. However, results are restricted by the
limitations of instrumenting the full rotor plane, and by the difficulty
of achieving a high-quality inflow. The coupling effect of the rotor
downwash hampers the extraction of the exact local aerodynamic angle
of attack. Tests on pitching finite wings promise more insights into the
unsteady and separating flow aerodynamics without the complexity of
the rotating system.

3.3. Pitching finite wings

The finite wing (see Fig. 8 for examples) has long been a staple of
aerodynamic research because it is a simple geometry that produces a
three-dimensional flow and acts as an intermediate case study between
5

airfoils and rotating wings. Attached to a pitching rig, it produces a
relatively simple non-rotating three-dimensional flow that can be used
for dynamic stall research. Early examples including [41] and [42],
evaluated untwisted wings of constant cross section in an effort to
maintain a simple geometry. Lorber’s efforts included sweep to intro-
duce a spanwise flow component during stall complementary to radial
flows for rotating wings. This approach is practical for a numerical
approach where an Euler wall can be applied at the attaching end,
but experimentally this results in the initial dynamic stall appearing
at the junction between the wind tunnel wall and the wing, with a
correspondingly strong interaction between the two [43]. Alternative
setups have applied positive twist and a range of airfoils [44,45] to
move the point of initial stall outboard, creating aerodynamics that are
more easily computed with numerical methods without considering the
complete wind tunnel [46].

Dynamic stall on a three-dimensional wing (Fig. 9) typically re-
sults in a horseshoe-shaped 𝛺-vortex, which propagates downstream
at different rates depending on its position. Although many investi-
gations of this vortex have been performed on wings of relatively
low aspect ratio where for static stall only a single stall cell is to be
expected, Merz et al. [44] noted that the stall cells seen for static stall
or slow pitch ramps correspond to separate 𝛺 vortices during dynamic
stall, and that these are the stall cells reported by Piziali [42] from
surface flow visualization, and by Dell’Orso and Amitay [47] using
fluorescent oil on static wings. Of relevance to rotating wings is the
discovery that the dynamic stall on large portions of the finite wing
produces force time histories qualitatively similar to those observed in
two-dimensional experiments [41]. Since the physical mechanisms are
different, measurements of only integral forces may result in erroneous
conclusions [48]. From experiments with a swept finite wing, the effect
of sweep is to delay stall to a higher angle of attack and to increase
the maximum (sweep-angle normalized) lift for both static polars and
dynamic stall [41,49].

Finite pitching wing test data allow researchers to separate the 3D
aerodynamic stall effects from the effects of the rotor downwash. High
loads can be achieved, and the 3D flow field can at least partially be
resolved by measurements in multiple planes. Wing elasticity, and the
effects of twist, taper and an anhedral angle make the results difficult
to generalize. Tests on pitching airfoils promise more insights into the
2D aerodynamics, without the complexity of the 3D geometry.

3.4. Pitching airfoils

A large class of experiments address the two-dimensional pitch-
ing airfoil problem, of which perhaps the best known are the early
experiments of McCroskey et al. [1]. The initial motivation for the
work of McCroskey, et al. was guided by the dynamic stall problem
on helicopter rotors. The angle of attack variation of a helicopter rotor
blade during the rotation was measured experimentally by McCroskey
and Fisher [9] for a helicopter in forward flight. The angle of attack
variation during the part of the blade rotation where the rotor experi-
ences dynamic stall is well represented by a sinusoidal oscillation with
a large mean angle of attack, a large amplitude, and a pitching fre-
quency equal to the fundamental rotor frequency. As a result, dynamic
stall is often studied using a two-dimensional sinusoidally oscillating
airfoil [1,14,17,54–66].

During a sinusoidal pitching motion, the pitch rate varies harmon-
ically which makes it harder to isolate its influence on the onset and
development of dynamic stall. To isolate the influence of the pitch rate
on the occurrence and development of dynamic stall, and to better
analyze the post-stall performance, constant pitch rate ramp motion
may also be used [55,67–71]. The dynamic stall development for
constant pitch rate motions and sinusoidal pitching motions are qual-
itatively similar and are characterized by the same flow development
stages [72]. The typical flow development within a dynamic stall life-
cycle (where the flow undergoes transition from fully attached to fully
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Fig. 8. Examples of finite-wing experiments. (a) Merz finite wing [44] (b) Onera finite
wing [43] (c) Möwe finite wing [45] (d) UTRC swept wing [41].

separated and back) can be divided into the following characteristic
flow stages: an attached flow stage, a stall development stage, a fully
stalled phase, and flow reattachment (Fig. 10). In recent work studying
dynamic stall on vertical axis wind turbines or cross-flow turbines,
asymmetric pitching motions or pitching motions around a zero mean
angle of attack have also been evaluated, with stall observed at both
positive and negative extrema [73–76].

A large number of pitching airfoil experiments have been performed
for incompressible flow Mach numbers and for Reynolds numbers of the
order of 105 and 106, resulting in an improved understanding of the
dynamic stall process. The classic dynamic stall response under these
conditions includes a delayed onset of stall (to higher angle of attack),
6

Fig. 9. Three-dimensional dynamic stall development. (a) Sketch of the Omega
vortex [50] (b) Effect of aspect ratio on dynamic stall [51] (c) Three-dimensional stall
vortex progression on an airfoil with PSP [52] (d) Smoke visualization of a 3D dynamic
stall vortex [53].

Fig. 10. Example of the typical evolution of the lift coefficient and flow during a single
pitching cycle described by 𝛼 = 20° ± 8°, 𝑘 = 0.05 [14]. The labels a. to f. in the lift
history indicate the timing of the velocity and vorticity field snapshots.

a rapid drop in lift with large load hysteresis, and a short-duration
impulsive peak in pitching moment followed by smaller secondary
peaks and a negative pitching moment. The dynamic stall onset is



Progress in Aerospace Sciences 137 (2023) 100887A.D. Gardner et al.
associated with the separation or shedding of a large scale dynamic stall
vortex. At low Reynolds numbers and on thin airfoils or flat plates, the
dynamic stall vortex is a classic leading-edge vortex that is fed by the
leading-edge shear layer. At higher Reynolds numbers and on thicker
airfoils, the dynamic stall vortex forms as a result of the roll-up of the
shear layer that covers the airfoil suction surface and consists of many
small scale coherent structures [77,78].

Two-dimensional airfoil experiments have significantly advanced
the knowledge on the role of surface vorticity for unsteady flow sep-
aration [67,68,79], identification and prediction of the dynamic stall
onset [14,80–82] and the associated stall delay [66,77,83–86], and
the dominant velocity and load fluctuations [16,17,62,63,87–90]. Shih
et al. [69] were among the first to highlight the importance of time-
resolved flowfield measurements for the analysis of dynamic stall due to
its inherent unsteady and non-periodic response. The first time-resolved
particle image velocimetry (PIV) recordings of a full dynamic stall life
cycle on a pitching airfoil were conducted by Mulleners and Raffel [14].

The pitching airfoil setup is affected by wind tunnel installation, in-
cluding the side-wall connection [91,92], which can lead to significant
differences in the measured peak pitching moment and lift coefficients
relative to a two-dimensional flow [93]. Part of this is due to the
transport of vorticity away from the centerline of the model because
the dynamic stall vortex on this type of wing installation is typically
curved rather than entirely normal to the flow direction [52] due to
end effects (see also Fig. 9).

In general, stall onset on a pitching wing is delayed to higher
angle of attack with increased pitch rate, but the non-dimensional
stall delay (i.e., the time between passing the static stall angle and
dynamic stall multiplied by 𝑣∞∕𝑐, [14]) decreases with increased re-
duced pitch rate [17,69,71,86]. For sinusoidal pitching motions, the
rate of change of the angle of attack at the time when the static stall
angle is exceeded is identified as a single parameter that can be used
to describe the overall influence of the airfoil’s unsteadiness on the
stall development [14,94]. This instantaneous effective unsteadiness
parameter equals the reduced pitch rate for ramp-up motions.

The vast majority of experiments mentioned above have been per-
formed at relatively low Mach numbers. The dynamic stall process at
Mach numbers above 0.4 has received considerably less attention than
its incompressible counterpart. For transonic Mach numbers, dynamic
stall onset is related to shock-induced separation and results in a shock-
buffet type stall, with circulation shedding through a small-vortex shear
stream rather than a single dynamic stall vortex [95–97]. These flows
are characterized by a continuously increasing pitching moment with
increasing angle of attack instead of a distinct pitching moment peak
as observed at subsonic Mach numbers (see Fig. 11).

Pitching airfoil tests are attractive due to the ability to instrument
the model with a large number of pressure sensors to extract most
features of stall and even reconstruct sectional pressure forces. Mach
and Reynolds numbers relevant to helicopter main rotors can often be
achieved. 3D CFD is required to capture the effects of even large aspect
ratio geometries and boundary conditions. It is possible to combine
results from pitching airfoil experiments and CFD to optimize airfoil
dynamic stall performance [64]. Fundamental experiments remain im-
portant to achieve a better understanding of the fundamental fluid
mechanics of the dynamic stall process. At lower Mach and Reynolds
numbers, structural loads are reduced, and thus experiments in this
regime offer higher relative stiffness and better control of the boundary
conditions, thereby enabling detailed studies of the flow physics that
are difficult to achieve in other types of experiments where spatial and
temporal measurement resolution may be limited.

3.5. Fundamental experiments

Many investigations focusing on the underlying flow physics of
dynamic stall rely on fundamental experiments. These types of exper-
iments have often been performed at low Reynolds numbers where
7

Fig. 11. Dynamic stall of the EDI-M109 airfoil at Mach 0.5, contrast Fig. 2 for the
same airfoil at Mach 0.3 [15]. (a) Lift (b) Pitching moment.

the time scales of flow development tend to be long enough to permit
highly temporally and spatially resolved measurements, thereby en-
abling the detailed study of the dynamic stall vortex formation, growth,
separation, convection, and wake evolution. Examples of these types of
experiments shown in Fig. 12 include flow separation and vortex for-
mation on surging airfoils for reverse flow modeling [19,98], discrete
gust encounters for flat plate wings [99], and fixed- and variable-pitch
rotating wings [100], similar to that in Fig. 7a, but on a smaller scale.
These experiments are often characterized by the high quality of the
experimental data, and in some cases a direct comparison with classical
theory can be undertaken [101–103].

Fundamental experiments have been performed over a wide range
of low Reynolds numbers (102–105) and for a wide variety of wing
geometries and kinematics including pitching, plunging, surging, flap-
ping, and/or rotating. Various maneuvers and accelerations have been
studied for both transient and periodic motions in quiescent flow,
steady flow, and unsteady flow (e.g., unsteady wind tunnels, blade-
vortex interactions, and gust encounters). The most prominent ex-
periments on maneuvering wings are summarized in Refs. [104,105]
and others on gust encounters are described in Refs. [5,22,106]. Even
though many of these pitching airfoil experiments use a two-
dimensional wall-to-wall test model (see Section 3.4), the flow develop-
ment during dynamic stall is inherently three-dimensional. To specifi-
cally investigate the effects of three-dimensionality (i.e., spanwise flow
and tip vortices, respectively) studies have also been performed on
swept and finite wings (see Section 3.3). In the latter case, experiments
have largely been motivated by insect flight and other small-scale
low-speed fliers, and have focused on rigid low aspect ratio wings.
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Fig. 12. Examples of fundamental experiments. (a) Gust encounter on a flat plate
wing [99] (b) Surging wing oscillating into reverse flow [19].

These flows are necessarily three-dimensional and are categorized here
rather than with other rotor experiments because for a rigid, low
aspect ratio wing in hover, the vortex that forms as a result of flow
separation at the leading edge (typically called the leading-edge vortex)
remains attached to the wing for some length of time. This permits
in-depth measurements of the three-dimensional vortex structure that
are difficult to achieve on larger scale rotors in forward flight and
represents the dynamic stall vortex before it separates from a larger
scale rotor.

Even at relatively low Reynolds numbers it is possible to generate
a dynamic stall or leading-edge vortex (LEV) on a rapidly pitching
or accelerating wing. In general, a single coherent LEV forms near
the start of an unsteady wing motion. In the absence of a stabilizing
force (i.e., a mechanism for vorticity transport out of the core of the
vortex), this vortex quickly grows to a peak strength and separates
from the wing, severing the feeding shear layer. The vortex is then
convected downstream, away from the wing, and the lift build-up that
occurred during the growth of the LEV falls off as the flow eventually
recovers to steady state. For cases where the wing remains at a high
incidence relative to the inflow, subsequent vortices may form and
shed, but are not generally considered LEVs. These may include vortices
of the same or opposite sense of rotation as the primary LEV shed, or
a shed wake emanating from the trailing edge. In some cases, notably
on rotating wings, a conical three-dimensional vortex forms and thus
a mechanism for vorticity transport exists. In this case, the LEV may
not shed from the wing, but rather remain attached to the leading
edge so long as the rate of vorticity generation at the leading edge
is balanced by the rate of vorticity transport through the vortex core.
This balance is characterized by the Rossby number (Ro = 𝑈∕𝛺𝐿
where 𝑈 is the freestream, 𝛺 is the rotational velocity, and 𝐿 is a
characteristic length), a measure of the relative importance of Coriolis
forces on a rotating system and sometimes taken to be equivalent to
the aspect ratio of a rotating wing (Ro = 𝑈tip∕𝛺𝐿 = 𝛺𝑅∕𝛺𝑐 = 𝑅∕𝑐). At
low Rossby numbers, radial vorticity transport is sufficient to stabilize
a coherent vortex, but vortex burst occurs at high Rossby numbers.
Vortex burst occurs when the core of the LEV becomes unstable, and
vorticity is no longer contained within a small core region of the
flow. The result is a largely disorganized recirculating flow that does
not have the same clear structure as a leading-edge vortex, but does
retain sufficient recirculation with the potential for some amount of
lift augmentation [107,108]. A more in-depth review of the physics and
modeling of the leading-edge vortex can be found in [105].

A unifying theme of the fundamental experiments highlighted in
this section is that these flows capture some subset of the essential
physics of dynamic stall while still permitting high-resolution measure-
ment of the unsteady airloads and/or flow field during leading-edge
8

flow separation and the resulting evolution of a vortex-dominated
flow. Experiments are typically designed to generate a flow with shed
vortices that are both identifiable and quantifiable, thus experiments
tend towards low Reynolds numbers, short time scales, and the absence
of strong three-dimensional effects or background turbulence. This
permits force decomposition into circulatory and non-circulatory com-
ponents where the non-circulatory added mass term can be computed
analytically [109]. However, challenges remain even in this relatively
simple flow, and there is discussion within the community regarding
how to reliably define and track the extent of the leading-edge vortex,
how to define its shedding, strength and trajectory, and how to compute
the effects of these flow structures on wing loading.

4. Special topics related to dynamic stall

4.1. The role of transition

Transition from laminar to turbulent flow can influence flow sep-
aration and the pressure distribution over airfoils and wings. This
can directly influence the dynamic stall behavior observed in experi-
ments and the findings elucidated previously. Transition can be difficult
and costly to measure in experiments, and, given the relatively large
scale and highly unsteady nature of rotary-wing vehicles in flight
and wind turbines in the atmospheric boundary layer, many experi-
mental efforts added trips to ensure fully turbulent flow conditions.
Full-scale helicopters and wind turbines operate at Reynolds numbers
in the transitional range [110,111], and particularly smaller rotors
have significant laminar flow [40,112]. Although this laminar flow is
important for performance prediction, and for the resistance to vortex-
induced flow separation, flow separation driven by high angle of attack
the boundary layer transition on the suction side reaches the leading
edge well before the onset of flow separation, see [113], Fig. 15. For
compressible flows, Ekaterinaris et al. identified the bursting of the
laminar separation bubble at high angles of attack (near stall) can lead
to the onset of leading-edge dynamic stall [114].

Airfoil experiments were performed with wings that stretch across
or nearly across the wind tunnel. The seminal experiments for rotary-
wing airfoils were conducted in the early 1980s and are reported in
NASA TM 84245 [1]. They examined a variety of airfoils, including
the NACA0012, SC-1095, Wortmann FX-098, HH-02, VR-7, and NLR-
1 airfoils, which were designed for, or applied on, rotors. Hot-film
and hot-wire sensors on the upper surface, along with shadowgraph
flow visualization were applied to assess boundary layer transition,
along with other characteristics of the dynamic stall tests. More recent
tests reported in 2013 by Richter et al. [115] on another rotor airfoil
(EDI-M109) included transition measurements using hot film anemom-
etry and high speed pressure measurements. The transition location
is highly time dependent during the stall event, and the location of
the maximum upper surface transition moves farther aft as the os-
cillatory amplitude increases. The intermittent region increases with
amplitude, and the maximum transition location varies linearly with
amplitude. Movement of the transition location during the stall event
reduces with increasing Mach number in the subsonic range, occurring
at lower angles of attack at increasing Mach number. Hysteresis in
transition location was noted to exceed that of lift, hypothesized to be
due to viscous contributions not measurable with pressure taps. The
variation was observed to be the same during both the upstroke and
downstroke. Raffel et al. [116] validated their differential infrared ther-
mography for transition with the two-dimensional NACA0012 airfoil.
They reported up to 5% phase lag of transition with angle of attack.

Before moving to studies of rotating dynamic stall, researchers also
studied transition on translating wings using rotary-wing airfoils. In
particular, the influence of the wing tip on transition was studied so
that the physics of more complex rotating blades could be distinguished

from the three-dimensional effects. One of the more relevant studies
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include ONERA evaluations on the OA209 wing [117] with natu-
ral transition. When combined with computational assessment [118],
we can conclude that transition, similar to two-dimensional results,
remains relevant on the inboard sections only to approximately the
midspan locations, after which the flow is increasingly dominated
by the influence of the tip vortex. Radial flow from root to tip was
observed after separation.

For rotating systems, the rigid rotor test facility (RTG) rotor was
evaluated in axial flow (with cyclic added for variation controls) by
DLR with transition measurements using differential infrared thermog-
raphy [40]. The transition hysteresis scales with increasing pitch rates
and follows trends observed in the two-dimensional analysis. Raffel
et al. [116] reported spanwise variations in transition with larger tran-
sition variations during dynamic stall occurring at the outboard section
of the blade. The transition locations were discontinuous and signifi-
cantly different during upstroke and downstroke at the three-quarter
radial location.

As new techniques to measure transition continue to be developed,
it is expected that a further understanding of the role of transition in
fully rotational dynamic stall will be achieved in the near future.

4.2. Reverse flow dynamic stall

Reverse flow dynamic stall occurs when the (typically sharp) ge-
ometric trailing edge of the wing is ahead of the leading edge with
respect to the direction of the incoming flow such that the geometric
trailing edge of the wing acts as the aerodynamic leading edge. This
occurs in rotating systems on the retreating side of the rotor disk when
the forward flight velocity exceeds the rotational speed of the blade.
(See Fig. 13.) As the advance ratio 𝜇 = 𝛺𝑅∕𝑈∞ increases, the region
of the rotor disk over which reverse flow occurs expands outboard,
encompassing the entire blade at 𝜓 = 270◦ and 𝜇 = 1. New rotor designs
for high advance ratio vertical lift and certain wind-rotor scenarios in
wind turbine applications can have significant regions of reverse flow.
Reverse flow dynamic stall can be arguably easier to evaluate as a sharp
trailing edge is likely to have a fixed separation point, avoiding the
challenge of modeling transition and separation on a smoothly curving
surface (i.e., the rounded leading edge).

Evidence of reverse flow dynamic stall was first observed as a
low pressure wave passing over blade-mounted pressure sensors in
the reverse flow region of a full-scale UH-60 A test at high advance
ratios [120]; similar results were obtained through later computa-
tions [121]. Following this finding, a series of more canonical ex-
periments were undertaken to better understand the details of these
flow physics and the effect of sharp versus blunt trailing edge geome-
tries [17,122–125]. A NACA 0012 blade section mounted in reverse
flow and undergoing sinusoidal pitching in a constant freestream was
found to undergo dynamic stall initiated by flow separation from
the sharp aerodynamic leading edge (unlike traditional dynamic stall,
where separation is delayed to high angles of attack). The resulting
dynamic stall vortex was found to convect slower than one formed in
forward flow. Unlike classic dynamic stall, reverse flow dynamic stall is
only weakly sensitive to Reynolds number due to forced flow separation
at the sharp aerodynamic leading edge. The number of shed vortical
structures for a NACA 0012 blade section in reverse flow dynamic stall
was found to vary with reduced frequency and pitch angle; at greater
reduced frequencies, the primary dynamic stall vortex affected a greater
portion of the cycle.

Hodara et al. [125] provide a comparison of experimental and
numerical data on reverse flow dynamic stall and outline five stages
of this process. The stages are described below and the resulting lift
curve is shown in Fig. 15.
Stage 1: Attached flow regime. During this stage the flow over the airfoil
is attached over much of the chord, separating near the blunt aerody-
namic trailing edge. As the airfoil pitches downward, high velocities
occur near the sharp leading edge resulting in an increase in suction.
9

Fig. 13. Estimated velocity and Reynolds number distributions for an X2TDTM
rotor 𝜇 = 0.77, (250 kt) [119] (a) In-plane velocity distribution, 𝑈𝑇 (b) Radial
Reynolds-number distribution at 𝜓 = 270deg.

Stage 2: Flow separation and the formation of the primary reverse flow
dynamic stall vortex. In this stage, the sharp leading edge causes the
flow to separate and reattach further down the chord. The reattachment
point moves downstream with increasing 𝑡∕𝑇 . At some point, the flow
becomes fully separated from the airfoil and the dynamic stall vortex
convects downstream. The velocity of the reversed flow (i.e., flow
traveling in the upstream direction) near the surface increases with the
strength of the vortex.
Stage 3: Trailing edge vortex formation. The primary dynamic stall
vortex induces a strong region of reversed flow in the wake that
entrains the trailing-edge shear layer and leads to the formation of a
trailing-edge vortex.
Stage 4: Secondary reverse flow dynamic stall vortex formation. In some
cases, a secondary dynamic stall vortex forms near the sharp leading
edge. The flow induced by this vortex affects a smaller region of the
airfoil than the primary dynamic stall vortex.
Stage 5: Separated flow and reattachment. After the secondary vortex
dissipates, the wake is characterized by turbulent separated flow. Flow
begins to reattach near the leading edge, with the reattachment point
moving towards the trailing edge as angle of attack decreases.

Later experiments on reverse flow dynamic stall were performed
to first acquire flowfield measurements on a swept blade [62] and
then moved on to perform the first flowfield measurements of reverse
flow dynamic stall on a Mach-scaled rotor [18]. The rotor experiments
(Fig. 14) revealed the formation and shedding of a strong vortex shed
from the blunt leading edge of the blade before it enters the reverse
flow region, another from the sharp leading edge of the blade in the
reverse flow region (the RFDSV), and strong tip-vortex encounters at
some advance ratios. Further analysis of these results focused on quan-
tifying the three-dimensional effects of blade rotation on the reverse
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Fig. 14. Reverse flow PIV experiments in the Glenn L. Martin Wind Tunnel (GLMWT)
at the University of Maryland [18] (a) Photo of the experimental rig and laser sheet
installed in the GLMWT (b) Phase-averaged vorticity and flow velocity (freestream
subtracted) at 𝜓 = 260◦ for 𝜇 = 0.6.

Fig. 15. Numerical predictions for the lift coefficient of a NACA 0012 airfoil in reverse
dynamic stall (𝑅𝑒𝑐 = 1.65 × 105, 𝑀 = 0.1, 𝛼𝑟𝑒𝑣 = −10◦ ± 10◦, 𝑘 = 0.16). Stages I–V of
reverse flow deep dynamic stall are labeled; dash line: angle of attack; solid line: lift
coefficient. From [125].

flow dynamic stall vortex [126] and on understanding the ‘‘blunt-edge’’
vortex that forms as the blade enters the reverse flow region [127,128].

4.3. Cycle-to-cycle fluctuations

The complexity of two-dimensional dynamic stall is evident from
the discussion above. Unfortunately, an additional level of difficulty is
that the dynamic stall process can vary significantly from cycle to cycle.
Such variability has been demonstrated in several facilities [65,129]
and is no longer characterized as an experimental uncertainty. As
shown in Fig. 16, when the probability of the data scatter in (a) is
plotted as a probability density function as in (b), clearly preferred
paths emerge. Considering individual cycles is thus important as phase
averaging disregards the complexity of the process and can suggest
results that, in cases such as that shown in Fig. 16, are rarely observed.
The origin of these cycle-to-cycle variations has been attributed to
10
Fig. 16. Pressure coefficient on an airfoil surface at 𝑥∕𝑐 =0.0225 for 𝛼= 8.5◦ ±9◦ and
𝑘 = 0.01: (a) scatter plot with phase average (red) (b) joint probability density function
with phase average (white) [65].

stochastic variations from turbulent boundary layer separation and
shedding during full stall [14,94]. Good statistical handling of these
variations is important to identify the bounds of the unsteadiness; the
importance of cycle-to-cycle variation has been found to vary with
airfoil and Mach number.

Cycle-to-cycle variations are not always purely stochastic. Instead,
the variations are clustered into distinct groups with clear fluctuations
when individual pressure locations are considered [65]. To better rep-
resent the results, groups with similar paths may be clustered together.
Identifying algorithms which identify realistic, repeatable groups is
ongoing, where proper orthogonal decomposition (POD)-based data
clustering [64,130] and multi-dimensional scaling and clustering using
dynamic time warping [131] are two promising approaches. POD clus-
tering has been successfully used to more accurately characterize the
aerodynamics of the UH-60 A wind tunnel experiment where cycle-
to-cycle differences in the occurrence of stall lead to a shift in the
mean values of forces relative to computational results, which, using
one turbulence closure, captured only one of the multiple aerodynamic
states observed in the experiment [132].

4.4. Measurement techniques and test facilities

The improvement of measurement techniques has proceeded at
a rapid rate over the past decades. Surface and flow-field measure-
ments are now available for application to dynamic stall measurement
campaigns without excessive effort. An overview of many techniques
relevant to dynamic stall is given in Ref. [133], from sensor-based
pressure and heat flux measurements, to particle-image velocimetry
(PIV) variants including micro-PIV and volumetric PIV in both the
standard tomographic cross-correlation variant (Tomo-PIV) and the
Lagrangian particle-tracking variant (STB). Many measurements use
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Table 1
Application of measurement techniques to dynamic stall. (✓) used for dynamic stall,
(×) not yet used in this situation, (∙) used in other contexts.

Method Pitching Finite Rotor Rotor Flight
airfoil wing in lab in WT test

Pressure sensors ✓ ✓ ✓ ✓ ✓

Hot-film analysis ✓ ✓ × ∙ ×
PIV (2C) ✓ ✓ ✓ ✓ ∙
Micro-PIV ✓ × × × ×
Tomo-PIV and STB × × ✓ × ×
PSP/TSP ✓ × ∙ ∙ ×
BOS ✓ ∙ ∙ ∙ ∙
DIT (BL transition) ✓ ✓ ✓ ∙ ∙
DIT (Detect stall) ✓ × ✓ × ×

schlieren visualization, primarily in the background oriented schlieren
(BOS) variant, and also interferometry, primarily before the develop-
ment of BOS. Finally, surface techniques including differential infrared
thermography (DIT) and luminescent paints for pressure and temper-
ature measurement (PSP/TSP) are also reviewed. Table 1 gives an
overview of typical measurement techniques.

Measurement techniques continue to be improved, leading to higher
spatial and temporal resolution and new approaches for extending
existing measurement techniques. The pitching airfoil was historically
critical to the development of PIV for unsteady flows [134]. In recent
times, the application of BOS for stall [135] has become a powerful
method for analyzing the topology of the off-body flow when PIV is
not possible. New analysis methods for data acquired using pressure
sensors [113] and infrared cameras [136] have led to a considerable
increase in the ability to study boundary layer transition in the type of
unsteady flows relevant to dynamic stall, and to detect stall [133,137].
Compensation for tubing effects has allowed robust pressure scanners to
be used for unsteady pressure measurements (up to 1.5 kHz for short
tubes) [138,139] and has been applied to pressure measurements on
oscillating airfoils [64].

In addition to the advancement of instrumentation, the modification
of wind tunnel flows has been used to approach technically difficult
problems. Various flows of interest include varying free-stream velocity
and Mach number [140,141] and free-stream turbulence [142]. Clearly
the advent of smaller and lower flight speed systems expected with
unmanned air systems will need to address issues (e.g., gusts, turbulent
conditions) that have smaller impacts on conventional rotorcraft [5].

In addition to improved instrumentation and facilities, the imple-
mentation of new analysis techniques for existing flow measurement
techniques has resulted in an improved understanding of turbulent and
separated flows through the use of statistical analysis including modal
approaches (e.g., [90,143–146]), and this effort is continuing into the
use of machine learning and data driven approaches (e.g., [132,147,
148]). Such work promises powerful new tools for the understanding
of the complex datasets now available from modern instrumentation.

Continued development of diagnostics should be a priority that goes
hand in hand with the implementation of existing techniques to more
challenging and relevant configurations. Techniques that work in the
laboratory are often difficult to move to the more challenging flight-test
environment, but yield significant benefits when successfully deployed.
Increased resolution in time and space of both surface and flowfield
measurements can result in new insights. Similarly, an expansion of the
measurable quantities is desirable. For example, the measurement of
skin friction is challenging, but can provide unique information about
the state of the boundary layer [149]. The ability to measure near-
wall fluctuations when surfaces are moving dynamically would allow
better understanding of the onset of dynamic stall and its sensitivity
to the state of the flow. Finally, smarter use of the instrumentation
(e.g., sensor placement) will increase the amount of information that
can be extracted.
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5. Control of dynamic stall

On-blade control of flow separation and dynamic stall has been a
popular research topic. One approach to dynamic stall control is to
employ actuators on the main rotor blades to quickly adapt to the
different flow conditions on the advancing and retreating blades. By
doing so researchers would sidestep the difficulty of optimizing a single
airfoil for both high-speed low-angle operation (on the advancing side
of the rotor disk) and low-speed high-angle operation (on the retreating
side).

Early experiments in the 1950s concentrated on increasing the max-
imum speed of piston-engine helicopters, which were under-powered
by modern standards. They energized the boundary layer by blowing
air from slots near the leading edge which significantly increased the
maximum flight speed [150]. Wind tunnel investigations on this type of
‘‘boundary layer control’’ indicated a significant increase in maximum
advance ratio before stall occurs [151]. In the decades that followed,
nearly all of the gains of these early experiments have been superseded
by improvements in rotor blade design. These experiments also noted
several points that are still relevant today, including the similarity
between effective flow control on a pitching airfoil and a rotor blade
in flight. Additionally, by cyclically controlling the blowing (constant
blowing only on the retreating side), the same flow control result can
be obtained with only half the compressed air required by constant
blowing.

There are some practical considerations that should be considered
in the evaluation of dynamic stall control. For example, dynamic stall
mostly occurs during transient maneuvers with wake re-ingestion and
high blade elasticity. For these flight conditions, the aerodynamic angle
of attack on the rotor blade is typically controllable only with an
accuracy ±5◦ in the best case, so shifting the stall angle by 1-2◦ is
ot particularly useful. Likewise, static experiments that demonstrate a
hift in the onset of stall to marginally higher angles are not particularly
elevant in dynamic stall control due to the aerodynamic differences
etween static and dynamic stall.

Practically, control effectiveness is best measured as a reduction in
he peak pitching moment as this reduces vibratory loads and pitch link
oads. The associated lift control is also important, but lift hysteresis
s harder to quantify, and is directly associated with a reduction in
he peak pitching moment. Ideally, a dynamic stall control method
hould result in a significant improvement over a rotor redesign, but
ixed-wing studies have shown that flow control is not likely to exceed
he performance of a point-optimized airfoil [152]. Novel flow control
nvestigation should use state-of-the art airfoil designs to obtain reliable
nd more relevant solutions for modern aircraft designs.

The power requirements for active flow control are an important
onsideration as they can be a significant fraction of the main rotor
ower requirements. The power requirement in experimental test cases
hould be scaled to evaluate the true expected power requirements for
ull-scale vehicles. Related to this, the difficulty of transferring power
rom the fuselage to the rotating blade frame must be considered when
valuating flow control measures.

Control devices can be roughly divided into three categories:
• Flaps, slats and other camber-changing devices, which are

actuated in a 1/rev cycle. Related devices are also used for higher
harmonic control with 𝑛/rev actuation and may also reduce dy-
namic stall by reducing blade-vortex interactions.

• Boundary layer control including vortex generators and other
actuated or fixed devices that move energy from the outer flow
into the wall-adjacent flow. These include both passive devices as
well as active boundary layer control devices such as dielectric
barrier discharge actuators and synthetic jets which increase the
momentum of the wall-adjacent flow to delay separation.

• Active control devices that add a large amount of momentum
to the dynamic stall vortex region to reduce the effect of dynamic

stall in a fully separated flow.
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The actuation of these devices can be continuous or require triggering
with respect to the azimuthal position, to stall detection, or to a closed-
loop control signal. The following section does not include a discussion
of control devices that primarily target blade-vortex interaction and
noise reduction. Since a large proportion of rotor dynamic stall in
highly-loaded turning flight is caused by blade-vortex interaction, dy-
namic stall may be reduced or eliminated in some flight situations by
these devices.

Beyond the obvious practical applications, investigating flow con-
trol measures is a useful way to gain insight into the aerodynamics of
a flow phenomenon. Flow control is a path to understanding dynamic
stall, and has great scientific value independent of whether it leads to
a practical flow control device for a given aircraft.

5.1. Flaps and slats

Similar to wings in non-rotating flow, an active or passive alteration
of airfoil camber can delay stall on a rotor blade. For example, an
overview of early US Army AFDD wind tunnel results on pitching
airfoils with static leading edge modifications including droop nose and
slats is given by Yu et al. [153]. In this work, blowing through the slat
gap was found to delay stall and reduce load hysteresis, although it also
increased the negative pitching moment. Further investigation of the
same leading edge slat configuration visualized the pitching airfoil flow
with interferometry [154], revealing that the shear layer from the slat
trailing edge moved the newly formed dynamic stall vortex further from
the surface and reduced the dynamic stall loads. Similarly, Prince and
Khodagolian [155] showed that airfoil ventilation using tubes leading
from the pressure to the suction side of the blade could be used to
suppress static stall.

A combined US Army/NASA and DLR project [57] investigated
the actuated droop nose configuration for a pitching airfoil. In this
experiment, the droop nose could be actuated at 1/rev, but with a
phase and amplitude offset from the main pitching airfoil. A significant
improvement in aerodynamic characteristics was found. In contrast
with previous slat experiments where the thin structure was often
found to vibrate or bend, the droop nose was found to be mechanically
stiff, which provided a more consistent gap and thus angle of attack
and wing load. A later project [156] investigated the structural design
necessary to implement the active droop nose into a rotor and produced
a prototype, but this does not appear to have been developed further.

A related control method is deformation of the airfoil via an ac-
tuated bump on the suction side which acts to increase the airfoil
thickness [157] and camber. A prototype was tested on a pitching
airfoil in a wind tunnel showing shift of stall to higher angles but less
so than an actuated flap or droop nose of similar complexity.

Camber change by an active 1/rev trailing edge flap also delays
dynamic stall. For example, Samara and Johnson [158] performed
experiments on an 18.4% thickness pitching airfoil with a flap of 20%
of chord covering 60% of the 584 mm model span. An optimization
of the phase and duration of the flap actuation cycle can improve
the effectiveness of the flow control in a manner similar to the afore-
mentioned droop nose approach [159]. The typical camber-changing
control approach increases camber near stall to encourage flow to re-
main attached to higher angle of attack. A related study by Gerontakos
and Lee [160] showed that upward deflections of a trailing edge flap
post stall could reduce the nose-down pitching moment, especially in
the case of large flap deflections. Onera’s Active Flaps ABS model rotor
wind tunnel study [161] was later flown by Eurocopter (now Airbus
Helicopter) on the blue pulse flight demonstrator [162].

One potential variant with a much smaller moving mass is the
Gurney flap and its variants, named after American race car driver
Dan Gurney. The vertical flap, typically 1%–5% chord and attached
vertically downward at the airfoil trailing edge, was first scientifi-
cally described by Liebeck [165], though the idea dates back to the
1930s [166,167]. This miniature trailing-edge flap was extensively
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Fig. 17. Trailing edge modification of the airfoil (a) Gurney-flap variants, from [163]
(b) actively actuated splitter plate, from [164].

investigated for transonic transport aircraft with flight tests on an A340
test aircraft in the EU project AWIATOR (Aircraft WIng Advanced
Technology OpeRations), with accompanying two-dimensional static
airfoil wind tunnel tests [152,168]. A core problem with this approach
is how to embed a flap actuation mechanism near the trailing edge
where the airfoil is thin. In AWIATOR, a split-flap was actuated with
spindle actuators in a semi-static manner.

A solution was proposed to offset the Gurney flap from the trailing
edge [163] as shown in Fig. 17a, leading to the Miniature Trailing
Edge effector (MiTE), which was implemented in a two-dimensional
pitching airfoil. This idea was further pursued as the Active Gurney Flap
(AGF) in the EU Clean Sky GRC (Green RotorCraft) program, leading
to an actuated flap that could be withdrawn into the airfoil, and that
provided some control of dynamic stall. The L-shaped flap offset from
the trailing edge was implemented into a pitching airfoil at Politecnico
di Milano [169]. Tests indicated an increase in lift during attached flow
and a reduction in negative damping, but no significant reduction in the
negative pitching moment. An alternative is the splitter plate, tested
as both a semi-static trailing edge extension [170] and as a dynamic
extension for pitching airfoils [164]. (See Fig. 17b). This approach
offers a similar level of dynamic stall control and a potential alternative
to actuating a small object at the trailing edge since the plate extension
is along the airfoil chord line.

Another approach is that of back-flow flaps, scales, or tabs, which
have generated some interest for application on both fixed- and
rotating-wing dynamic stall [171–173]. These passive devices, similar
to shark skin scales or hairs [172,174], activate in the presence of
reverse or detached flow as illustrated in Fig. 18. They have been
studied in both single and multiple actuator configurations, starting
with flight tests on a Messerschmidt Me 109 in 1938 [175]. More
modern investigations explicitly developed these flaps to be analogous
to the pop-up feathers that exist near the leading edges of some bird
wings to delay stall while landing, and implemented them for static
stall control on sailplanes [176,177]. Near static stall, these devices
can delay the upstream propagation of trailing edge flow separation. In
dynamic stall, when the tab pops up, it acts as a barrier to the reverse
flow along the airfoil surface and splits the dynamic stall vortex into
smaller structures. It can also act as a vortex generator just prior to
stall. Most studies of these devices did not consider rotating systems
and thus focus on the effect on lift. DLR [171,178] measured the
resulting pitching moment and found peak pitching moment reductions
of 20%–25% in deep stall. The key is the sizing and positioning of the
flap, which should influence the boundary layer flow without adding
substantial drag. Another observation during operation was that if the
flap is open for attached flow, it produces a rearward step and flow
separation.
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Fig. 18. Back-flow flap from [171]. Top: Idea and geometry. Center: Wind tunnel test.
Bottom: PIV visualization of the method of operation (Left= Flap actuated, Right=Flap
closed).

5.2. Boundary layer control

Another approach to dynamic stall control is to target the boundary
layer and encourage higher momentum fluid from the outer flow to
move into the lower momentum boundary layer, thereby providing
some added measure of resistance to separation. While blade roughness
can promote or increase the severity of stall [179], larger devices like
vortex generators can be mounted on the blade surface to increase
wall-normal convection and thereby the energy of the flow close to the
wall.

An example of classic vane-type vortex generators is given by [97].
Importantly, these devices contradict the conventional philosophy that
an improvement of static airfoil stall performance will also be reflected
in dynamic stall. Vortex generators added to the suction side of the
airfoil include a drag penalty, as shown by [180], who controlled
dynamic stall using vortex generators on a pitching wind turbine airfoil.

The drag penalty of vortex generators can be reduced by changing
the placement or by reducing the size of the generators. Both of
these methods were implemented by the leading-edge vortex generator
(LEVoG) method, which moved the vortex generators to the stagnation
point for low angles of attack, thereby only ‘‘activating’’ them when the
stagnation point moves to the underside of the airfoil at high angles
of attack [181,182], reducing the drag penalty up to 5–30 counts at
different flight conditions. These vortex generators have been tested
for pitching airfoils where they have been shown to provide up to 25%
reduction in pitching moment in deep stall, and in flight tests [183].
An alternative is to mechanically retract the vortex generators in a
1/rev phasing at parts of the cycle where they are not needed. This
method was extensively studied by Onera for a co-rotating vane-type
generator [60,184].

A related approach is the surface-based trapped vortex genera-
tor [185] shown in Fig. 19. Here, a deep cavity in the surface of the
airfoil provides a source of large vortices that, when released, move the
dynamic stall vortex further from the wall, and break it into smaller
vortices, reducing the pitching moment by up to 50%, as shown in
Fig. 19. The technique has some similarities with flameholders and
has been shown experimentally to reduce the strength of tonal noise
emitted by of thick airfoils with low oscillation amplitudes [186].

Another widely investigated actuator for active boundary layer
control is the dielectric barrier discharge (DBD) plasma actuator [187–
189], which has the unique advantage of being an active method
of control with no moving parts. Two electrodes are separated by a
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Fig. 19. Surface-based trapped vortex generators, from [185].

dielectric barrier and driven by a high-voltage radio-frequency signal.
When a high voltage is applied, the air around the actuator ionizes and
results in a body force on the flow, for dynamic stall to reattach sep-
arated flows. The required momentum addition has yet to be realized
experimentally.

Experimentally, DBDs have been shown to delay stall or control
very light stall [190], but control authority is limited for deep stall or
for flow speeds relevant to a helicopter main rotor, as shown both for
NACA airfoils [191,192], and the pitching Onera OA209 airfoil [193].
One of the most successful tests of these on a pitching airfoil showed
a delay of dynamic stall by about 5◦ at a flow speed of 15 m/s [194],
with little effect at stall and at higher post-stall angles.

5.3. Active control

Active flow control is arguably the most popular concept associated
with the control of dynamic stall [195]. Implementing this actuation
approach requires modification of blades to include internal tubing
(for blowing or suction, or steady or pulsing jets) [196], flow-through
holes (for bleed or centrifugal pumping) [197], or embedded devices
(e.g., synthetic jets, COMPACT jets) [198,199]. In small-scale model
experiments, these approaches have shown significant reductions in
pitching moment peaks, up to 80%–90% in deep stall [200]. The
effectiveness of fluidic active flow control is highly dependent on the
device type and the type of stall (i.e., trailing edge or leading edge),
and often requires significant optimization. To date, this research has
largely focused on rigid and non-rotating systems and thus the influence
of rotating system dynamics and aeroelasticity remains uncertain.

Constant blowing has been demonstrated for decades to delay stall
(for example, [151]), and much recent research has been motivated by
a desire to achieve the same effect with lower energy requirements.
Power requirements for this type of actuation at full scale can be high
if internal high-pressure jets are needed, which can be an issue as
many dynamic stall events occur at high thrust or during maneuvers
when the additional power may not be available. Seifert et al. [201]
showed that for tangential blowing from slots in the airfoil surface,
pulsed blowing is more effective than constant blowing, and Nishri
and Wygnanski [202] confirmed a similar effect on a generic flap.
Experiments demonstrating dynamic stall control using pulsed blowing
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Fig. 20. Fluidic control [204]. Top: Hardware for generation of cold compressed air
pulses. Bottom: Comparison of control of deep dynamic stall between pulsed and
constant blowing.

from a high pressure source [200] with a normalized momentum ratio
between the jets and the freestream of 0.001≤ 𝐶𝜇 ≤0.004, confirmed
that at these blowing rates pulsed blowing was more effective than
constant blowing at the same momentum ratio for weak dynamic
stall. Weaver et al. [203] investigated the control of deep dynamic
stall on a pitching VR7 airfoil using blowing through a tangential
slot. Pulsed blowing was more effective than steady blowing for a
momentum ratio 𝐶𝜇 ≤0.01. For the control of deep dynamic stall, a
momentum ratio 𝐶𝜇 ≥0.02 is required and steady blowing becomes
equivalent or better. DLR [96,204,205] confirmed that equivalent deep
dynamic stall control requires more energy with pulsed blowing (with
some limitations) than constant blowing (see Fig. 20).

The combustion-powered actuators (COMPACT) of Georgia Tech.,
which ignite a fuel–air mixture in chambers directly below the blade
surface, offer an alternative to internal pressure jets [206], but the
power required is not significantly reduced compared to compressed
air, and fueling tubes must still be connected through the blade. These
actuators have shown significant promise for low-speed static stall, but
do not provide benefits commensurate with the power requirements for
dynamic stall [199,207].

Another approach is that of bleed and synthetic jets, which require
only electrical connections and tend to have lower power require-
ments [208]. These do still require moving parts or mechanisms. The
Boeing design used by Traub et al. [209] and Nagib et al. [210]
seems most successful. Power and installation requirements of active
flow control devices have often impeded their implementation on rotor
blades for dynamic stall, but the extensive studies to date have provided
physical insights and remain a topic of interest to reduce separation and
drag on fuselages and empennages [183,211].

6. Future directions and conclusion

Nearly a half-century of experimental investigations, in particular
those conducted over the past decade, have yielded significant insight
into the physics, prediction, and control of dynamic stall. Today, an
accelerating need to better understand a broadening parameter space
due to new vehicle designs and flight regimes, coupled with rapidly
improving experimental capabilities and analysis techniques, motivates
new types of future experiments. Some recommendations for future
work are discussed below.

• The development of openly available high quality experimental
databases for validation of high-fidelity computational models is
critical. These should include both rigid and flexible rotors to
address the expanding rotating wing designs being developed for
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drone, advanced air mobility (AAM), and wind turbine applica-
tions. Capturing blade deflections and flow field visualizations in
the rotating frame is vital to enable validation.

• Canonical experiments targeting key flow physics and measure-
ment quantities are necessary to focus future experiments and
instrumentation development. Experiments with identical operat-
ing conditions on the same airfoil (e.g., pitching/plunging, finite
fixed-wing, and rotating-wing) can separate the contributions of
each effect on dynamic stall and isolate which phenomena are
important at various levels of configuration complexity.

• Integration of computational studies with coordinated experi-
mental studies are extremely valuable. The key strengths and
weaknesses of the two approaches are complementary, and thus
the full spectrum of underlying flow physics can be understood.
Combined use of validated computational results and high-quality
experimental results currently yields the greatest advancements in
understanding.

• The highly unsteady flows from dynamic stall require full tem-
poral analysis of load and pressure data. New techniques such
as machine learning, artificial intelligence, complex statistics
and modal representations (e.g., Ramasamy et al. [129,212,213],
Taira and Nair [148]) can be used on time-resolved data to
isolate and characterize the complex unsteady and aperiodic
phenomena associated with dynamic stall. Further, improved test
facility characterization, such as turbulent intensity across the
test section inflow plane, can help to identify potential sources
of unsteadiness and aperiodicity.

• Standards for experiments (e.g., number of cycles, resolution,
boundary conditions, interrogation rates) should be codified and
communicated to the community. Such standards can be applied
to existing experiments to determine whether new, improved
experiments are necessary. An expectation of high data quality
should become the norm as the sophistication of applying diag-
nostics to these types of flows increases. Further, validation ex-
periments should be designed collaboratively with computational
experts.

• Continued development of diagnostics should be a priority. In-
creased resolution, lower cost and increased ease of use, measure-
ment of quantities that are challenging today (e.g., skin friction),
and smarter use of the instrumentation being used (e.g., place-
ment) will all permit enduring use of the data acquired for
validation and cost effectiveness of the experimental campaign.

• A consensus from flow control of dynamic stall is that enact-
ing large changes in the flow requires large amounts of power.
Although no on-blade active flow control method has yet been im-
plemented on a production helicopter, flow control developments
have led to improvements in stall detection, understanding of the
stall process, and guidelines for airfoil development. Additional
development of real-time predictions using flow sensing is also
necessary to detect the onset of dynamic stall in time to avoid or
mitigate it.

Advances in the understanding of dynamic stall have had a major
impact in resolving the fundamental rotor performance and vibration
limitations that have persisted in rotorcraft technology development.
Flight envelope expansion for traditional helicopters now has consid-
erable potential for the future. Further, the challenges related to the
design of new concepts needed for Advanced Air Mobility, Unmanned
Aerial Vehicles, and planetary exploration can be addressed with the
surety that the limits of dynamic stall can be circumvented. New
measurement techniques and improved equipment can now provide
details of the flow field that were not possible to resolve a decade
ago. In combination with computational efforts, it has been shown
that dynamic stall on rotating systems is caused not only by the
classic dynamic stall studied extensively with pitching airfoils, but also
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includes separation events due to reverse flow, blade-vortex interac-
tions, shock-airfoil interactions, and aeroelastic behaviors. Advances
in experimental techniques and integration with computational efforts
have already produced significantly more efficient and safer rotating
wing systems for the Future Vertical Lift program in the United States
and the Clean Sky program in Europe.
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