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Dynamic Stall Control: A Review 

David Greenblatt 

Faculty of Mechanical Engineering, Technion – Israel Institute of Technology, Haifa, Israel 

 

Abstract 

The control of dynamic stall associated with wind turbine and helicopter blades, fixed-wings, 

flapping wings, as well as alternating flow separation and attachment produced by cyclical 

control inputs, is reviewed. Different airfoil and wing stall types are described, control metrics 

are identified, and the generality of harmonic pitch oscillations is clarified. A major emphasis 

is placed on nominally incompressible flows, and includes dynamic stall management, passive 

control devices, steady and unsteady active control techniques, scheduled control, iterative 

learning control, closed-loop control, flapping-wing flight, and computational predictions. 

Large control authority is attained by suppressing and inducing dynamic stall by means of low-

frequency leading-edge slot blowing on thick airfoils, appropriate for horizontal axis wind 

turbine blade load control. High-frequency unsteady dynamic stall control is effective because 

its resultant stall-controlling leading-edge vortices are generated at more than an order-of-

magnitude faster than the dynamic stall vortices. Alternating flow separation and attachment 

can be exploited to achieve secondary objectives, like the control of trailing vortices and 

enhanced turbulent mixing. Simple closed-loop control is achieved by adaptation of stall 

warning methods, and a feedforward/feedback control architecture is shown to be expedient and 

practical for gust alleviation on small vehicles. On flapping wing flyers, the roles of dynamic 

stall and its control are different for propulsive flight and hovering flight. For propulsive flight, 

active flow control can potentially be used to increase propulsive efficiency. For hovering, a 

relationship appears to exist between Strouhal numbers associated with insect flight, leading-

edge forcing on flat-plate airfoils and low aspect-ratio flat wings, and vortex shedding. Accurate 

numerical predictions of dynamic stall control, namely, code validations against experimental 

data, have not been adequately performed, and dedicated experimental test cases for this 

purpose are proposed. Under subsonic compressible conditions, dynamic stall is driven by 

shock-induced separation, where passive leading-edge modifications with vortex generators, 

discrete wall-normal jet or micro-jet blowing, and dielectric barrier discharge actuation all show 

significant control potential. 
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Nomenclature 

Roman Symbols 

A  = wind turbine projected area 

jA  = blowing-slot area 

wA  = wake-width of flapping-wing flyers 

AR  = aspect ratio, /b c  

RAR  = semi-span aspect ratio, /R c  

a  = isentropic speed of sound (m/s) 

b  = wingspan (m) 

DC  = wing drag coefficient, /DF q S
 

dC  = airfoil drag coefficient, /dF q c
 

LC  = wing lift coefficient, /LF qS  

lC  = airfoil drag coefficient, /lF q c
 

mC  = ¼ chord airfoil pitching moment, 2

/4 /cm q c  

nC  = airfoil normal coefficient, /nF q c
 

P
C  = turbine power coefficient, /P q U A   

pC  = pressure coefficient, ( ) /p p q −  

C  = steady-blowing momentum coefficient, 
2 /j sU h b q S   or /pF q c  

C  = unsteady excitation or forcing momentum coefficient, 2

ref act act act(1/ )q A U dA   

c  = airfoil chord-length (m) 

c  = wing average chord-length (m) 

D   = diameter (m) 

tD   = turbulent diffusion (m2/s3) 

d.c. = duty cycle 

F  = force per unit span (N/m) 

pF    = plasma axial body force per unit span (N/m) 

F +  = airfoil (section) reduced frequency, /pf c U  or rel/pf c V  

f  = airfoil pitching frequency (Hz) 

ff  = wing flapping frequency (Hz) 

ionf  = plasma ionization frequency (Hz) 

pf  = perturbation or pulse-modulation frequency (Hz) 

shedf  = vortex shedding frequency (Hz) 

h  = time-dependent plunging amplitude (m) 

0h  = plunging motion amplitude (m) 

jh  = blowing-slot-jet width (m) 

k  = airfoil reduced pitching frequency /fc U   

fk  = flapping wing reduced frequency, /ff c U   

( )ik   = instantaneous reduced pitching frequency / ( )fc U 
 

nk  = nominal reduced frequency in a surging flow, / 2c U   

L  = body dimension in the perpendicular to the freestream (m) 

M  = isentropic Mach number, /U a  

N  = number of blades 

P  = wind turbine power output (W) 

P  = average power input (W) 

inP  = average power input to plasma actuators (W) 

q  = dynamic pressure, 21
2 U   (Pa) 

R  = rotor radius or wing semi-span (m) 
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Re  = airfoil Reynolds number, /U c 
  

r  = radial distance (m) 

r̂  = dimensionless radial distance, /r R  

S  = wing planform area (m2) 

St  = conventional Strouhal number, 
shed /f L U

 

hfSt  = hovering flight Strouhal number  

pfSt  = flapping-wing Strouhal number, /f wf A V  

St+
 = actuation Strouhal number, sinF +

 

T  = characteristic time-scale (s) 

T  = average thrust (N) 

0U  = circular jet core velocity (m/s) 

U
 = freestream wind speed (m/s) 

U   = average freestream velocity in a surging flow (m/s) 

jU  = jet-slot velocity (m/s) 

eU  = boundary layer edge velocity (m/s) 

rU  = rotor blade speed (m/s) 

V  = forward flight speed 

relV  = velocity relative to the blade or wing (m/s) 

tipV  = blade tip speed 

||V  = velocity component parallel to the chord 

W  = wind speed (m/s) 

X  = internal dynamic variable for Goman-Khrabrov model 

pX  = distance from perturbation location to trailing-edge (m) 

x  = chordwise coordinate from the leading-edge (m) 

cx  = strut blade connection point (m) 

px  = pitch axis 

y  = spanwise coordinate direction (m) 

sx  = chordwise slot location (m) 

z  = coordinate normal to the chord plane (m) 

z  = virtual camberline (m) 

 

Greek Symbols 

  = angle-of-attack ( or rad) 

eff  = maximum effective angle-of-attack ( or rad) 

m  = average angle-of-attack ( or rad) 

1  = angle-of-attack amplitude ( or rad) 

s  = static stall angle-of-attack ( or rad) 

  = angle-of-attack pitchrate (rad/s) 

  = flapping-wing stroke plane 

  = circulation (m2/s) 

  = vortex sheet strength (m/s) 

f  = flap deflection angle ( or rad) 

  = chord-to-radius ratio, /c R  

z  = z  component of vorticity 

  = wind turbine azimuthal angle ( or rad) 

̂  = flapping-angle normal to the stroke-plane ( or rad) 

  = dimensionless pitchrate, / 2c U   

  = wind turbine tip-speed ratio, /R U   
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f  = inter-flap spacing (m) 

  = helicopter rotor advance ratio, /V R  

  = fluid kinematic viscosity (m2/s) 

cycle  = cycle-averaged aerodynamic damping 

  = fluid density (kg/m3) 

  = relative surging velocity amplitude 

1 2,   = Goman-Khrabrov time-constants (s) 

  = dimensionless characteristic time-scale 

  = full-stroke (peak-to-peak) flapping amplitude ( or rad) 

  = phase angle with a cycle, t  ( or rad) 

̂  = flapping-angle within the stroke plane ( or rad) 

Δ  = phase-difference between angle-of-attack and freestream velocity ( or rad) 

  = helicopter azimuthal angle ( or rad) 

  = rotor rotational speed (rad/s) 

  = pitching cycle rotational frequency (rad/s) 

 

Abbreviations 

AC  = alternating current 

AFC  = active flow control 

AV  = aft vortex 

att  = attachment 

DC  = direct current 

FHAWT = floating horizontal axis wind turbine 

FWUAV = flapping-wing unmanned aerial vehicle 

HAWT = horizontal axis wind turbine 

LES  = large-eddy simulation 

LEV  = leading-edge vortex 

LSB  = laminar separation bubble 

MAV  = micro aerial vehicle 

NAV  = nano aerial vehicle 

PSD  = power spectral density 

RBS  = retreating-blade stall 

sLEV  = swept leading-edge vortex 

sUAV =  small unmanned aerial vehicle 

sep  = separation 

TV  = (wing) tip vortex 

TDD  = time delay-and-decay 

UAV  = unmanned aerial vehicle 

VAWT = vertical axis wind turbine 

VG  = vortex generator 
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1 Introduction 

Dynamic stall commonly denotes the process of unsteady flow separation from a lifting surface, 

and is present in rotary-wing, fixed-wing, and flapping-wing engineering systems. It may occur 

due to a change in the body’s motion or orientation with respect to the flow [1], a change in the 

external flowfield [2], a change in a control input [3], or seemingly spontaneously [4,5]. Two 

major drivers of cyclical dynamic stall research are helicopter and wind turbine blade 

aerodynamics. On helicopter blades, dynamic stall manifests mainly on the retreating blades 

when the static stall angle is exceeded, and results in asymmetric lift, large blade pitching 

moments, negative damping, and vibrations that affect control and fatigue life [6-8]. On 

horizontal and vertical axis wind turbines (VAWTs and HAWTs), dynamic stall affects both 

performance and fatigue loading [9,10]. On large-scale fixed wing aircraft dynamic stall does 

not occur routinely, and it can be exploited for enhanced maneuverability [11]. On smaller scale 

fixed-wing aircraft, like unmanned air vehicles and small unmanned aerial vehicles (UAVs and 

sUAVS), atmospheric gusts can compromise stability and controllability [2,12]. At even smaller 

scales, where flapping-wing biomimicry is exploited—typically in the micro and nano UAV 

range—dynamic stall is either a limiting factor, e.g. for propulsive flight [13], or a necessary 

factor, e.g., for hovering flight [14,15]. 

Fundamental and applied research performed up until the 1980s was summarized in the 

landmark reviews of [16] and [17]. Subsequently, detailed and informative reviews have 

appeared that address computational prediction methods [18], effects of compressibility [19,20] 

and experimental advances, including flow control [1]. Since the turn of the century, there has 

been a dramatic increase in dynamic stall research [1], and the demand for effective control has 

increased accordingly. The objectives of control depend on the specific technological or 

scientific objectives, and these vary considerably. For example, on helicopter blades [1], wind 

turbine blades [21], and small UAVs [22], the objective of control is usually the elimination or 

minimization of negative aerodynamic effects. In contrast, on rapidly pitching wings [11], 

flapping wings in hover [23], and high solidity VAWTs [24], the objectives are often aimed at 

exploiting dynamic stall to maximize performance. 

Actuation methods for dynamic stall control are generally categorized as fluidic, 

mechanical, thermal, or plasma-based, as well combined-hybrid systems [25]. Independent of 

the actuation method, flow initially separated from a body can be forced to attach dynamically, 

following a change to the control input, e.g., amplitude or frequency [26]. Conversely, an 

initially attached flow can separate from a body, e.g., by terminating actuation [3]. The temporal 
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behavior of the flow and the resulting loads on the body, i.e., the timescales characterizing 

separation and attachment, determine the actuation bandwidth [27]. (We reserve the term 

“reattachment” to indicate flows that separate and re-attach on the same surface, for example, 

laminar separation bubbles, LSBs.)  In addition, by varying control inputs, dynamic stall control 

can be used to achieve secondary objectives, unrelated to aerodynamic performance [28].  

This review begins with a description of the most common occurrences of technological 

importance in section 2, and the main control objectives are identified. This is followed by a 

review of incompressible control in sections 3, which makes up a major part of this review: 

First, the different types of stall are identified and then different approaches to control are 

presented and discussed. Section 4 is dedicated to discussing the effects of compressibility, 

mainly with application to helicopter blade flows, and the unique challenges presented in this 

flow regime. Section 5 presents a summary of the review, with the author’s own suggestions 

for future research and development. 
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2 Occurrences & Objectives  

To set the scene, we will briefly describe the most commonly encountered, technologically 

relevant, occurrences of dynamic stall and the specific control objectives. These include 

occurrences on helicopter and wind turbine blades, fixed-wing aircraft wings, flapping wings, 

and those associated with control inputs. In this review, we take a broad perspective of dynamic 

stall control that includes unsteady separation and/or attachment of flows responding to a 

change in control input. For cyclical flows like those on helicopter and wind turbine blades, or 

those subjected to a periodic input we refer to the entire cycle—including attachment of the 

flow—as the dynamic stall cycle.  

2.1 Helicopter Blades 

On conventional (non-compound) helicopters in high-speed forward flight, the blade relative 

dynamic pressure on the rotor is imbalanced. Therefore, blades are required to periodically 

pitch, such that the changes in angle-of-attack produce a net average uniform lift force across 

the rotor [7,8]. As the forward flight speed increases, the angle-of-attack excursions increase, 

exceeding the static stall angle, which leads to dynamic stall—which is dominated by a leading-

edge vortex (LEV). (In many studies, the LEV is referred to as the dynamic stall vortex (DSV); 

we will use LEV, to distinguish it from other vortices that may form during dynamic stall.) 

During the last two decades, increases in engine power have brought about renewed focus on 

dynamic stall control [29]. A major challenge for the control of retreating blade stall (RBS) is 

that compressibility effects are significant and dynamic stall near the blade tip is precipitated 

by shock-induced separation [16]. 

A rotor disk map for steady level flight of a Sikorsky UH-60A rotor is shown in Figure 

1 (left) [30,31], where dynamic stall occurs predominantly on the retreating blade—hence the 

moniker RBS [32], i.e., in quadrants 3 and 4. Corresponding normal force and pitching moment, 

based on integrated surface pressures, are shown for the third and fourth quadrants at 

/ 0.865r R =  (Figure 1, right). The map and data also show the following: two dynamic stall 

events, pitching moment stall always precedes lift stall, and the rate and amplitude of unsteady 

moment changes during attachment are at least as large as those during separation (dynamic 

stall). These effects are exacerbated during high maneuvers, such as a sudden pull-up or a high-

speed diving turn, where dynamic stall extends to the first quadrant as well [30,31]. A Mach 

number map (Figure 1, center), based on the idealized representation of the in-plane normalized 

velocity magnitude distribution parallel to the chord-line, shows that dynamic stall occurs under 

both compressible and incompressible conditions. The primary objective, therefore, is to 
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eliminate dynamic stall, or at the very least to weaken its negative effects—particularly moment 

stall—in the both compressible and incompressible flow regimes. A major challenge is to 

develop effective and viable control methods that cut across the incompressible-compressible 

divide.  

 

Figure 1. Left: Rotor disk map showing dynamic stall events on a Sikorsky UH-60A rotor in 

steady level flight at 0.237 =  (load factor = 1.01) [30,31]. Middle: Corresponding idealized 

in-plane Mach number map parallel to the chord-line. Right: Blade loads at / 0.865r R =  as a 

function of azimuthal angle in quadrants 3 and 4 [30,31]. 

 

Some compound helicopters [33-35] represent an attempt to eliminate RBS [20,1]. For 

example, coaxial, nominally rigid rotors [36-38], rotate in opposite directions, and achieve high 

advance ratios. An in-plane velocity map, is shown for  a typical advance ratio 0.77 =  in 

Figure 2 [39]. While the blades avoid conventional RBS, they experience synchronous high-

amplitude velocity oscillations, as well as pre-static-stall angle-of-attack ( )s   oscillations 

due to aeroelasticity and interactions between the rotors [35]. Near the tips, blades experience 

chordwise flow oscillations—also called surging—amplitudes of up to 90% [39], while further 

blades are exposed to regions of reverse-flow ( 1)  , i.e., flow from the trailing-edge to the 

leading-edge. In contrast to pitching and plunging airfoils (see reviews [1,40] amongst others), 

far less attention is paid to the surging problem [41-51], primarily due to technical difficulties 

at relevant flight Reynolds numbers and Mach numbers. Unsteady experimental surging studies 

with a reverse-flow component are limited to water tunnels and water-filled towing tanks with 

510Re   [47,48]. In particular, very little is known about how surging dynamic stall occurs and 

how it affects rotor performance; in particular, the behavior of combined forward- and reverse-

flow separation bubble-types shown illustratively in Figure 2 (adapted from [39,49,50]). For 
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these problems, the objectives are to first gain an understanding of dynamic stall and then to 

propose methods for effective control. 

     

Figure 2. Left: Normalized velocity  || /V V  distribution within the rotor of a high-speed coaxial 

helicopter at 0.77 =   (adapted from [39]). Middle: Separation bubbles on a forward-flow 

symmetric airfoil (adapted from [49,50]). Right: Separation bubbles on a reverse-flow 

symmetric airfoil (adapted from [39]). 

2.2 Wind Turbine Blades 

While much of the early dynamic stall research was aimed at helicopter applications, dynamic 

stall has been identified as a major factor affecting the wind turbine blade aerodynamics. Of the 

two most well-known lift-based wind turbine configurations—namely, HAWTs and VAWTs—

dynamic stall manifests in different ways. On HAWTs, it is observed when the wind direction 

is not perpendicular to the rotor disk, i.e., in yawed flows [52-54]. The simultaneous loss of lift 

and increase in drag reduces the rotor torque, and the resultant unsteady aerodynamic loads 

cause fatigue loading of the blades, yawing mechanism and the drive train. These effects can be 

exacerbated by atmospheric turbulence, wind shear, and tower shadow [54]. More recently, 

dynamic stall has been identified as a major factor on the blades of floating horizontal axis wind 

turbines (FHAWTs), due to the pitching motions of the floating platform in the direction normal 

to the disk plane [55]. The combination of large floater oscillation frequencies and amplitudes, 

coupled with blade height above the axis of rotation can result in post-stall angles-of-attack and, 

therefore, dynamic stall [56,57].  

 Two examples illustrating the root causes of HAWT dynamic stall are shown for 

arbitrary HAWT blade sections subjected to wind gusts, e.g., due to pitching motions of 

FHAWTs (in Figure 3, left), and under yawed inflow relative to the turbine disk in (Figure 3, 

right). While both scenarios produce angle-of-attack oscillations, gusts are generally in-phase 

with the angle-of-attack increases and yawed flows are generally in anti-phase. This is an 

important distinction because the relative dynamic pressure sets limit on flow dynamic stall 

control authority. Irrespective, a major objective is to decrease the flapping mode loads on the 
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blade, typically represented by normal or lift force oscillations. While the majority of methods 

propose some type of mechanical flap or blade morphing, we will show that dynamic stall 

control can be considered as a viable alternative. 

    

Figure 3. Schematic representations of a wind turbine blade section, subjected to: a wind gust, 

e.g. due to pitching motions of FHAWTs (left); and yawed inflow relative to the turbine disk 

(right).  

  

The development of VAWTs—in particular low solidity Darrieus turbines—was 

motivated by the possibility of ground-based drive trains and insensitivity to wind direction 

[58]. However, these are inherently unsteady flow machines, because their blades experience 

periodic oscillation variations of the relative velocity vector (direction and amplitude), leading 

to large oscillatory loads. The problem is exacerbated at high wind speeds where turbines 

operate at low tip speed ratios and are therefore prone to dynamic stall [59]. It has long been 

recognized that dynamic stall increases peak torque on low-solidity Darrieus turbines [60,61], 

and neglecting dynamic stall effects results in an underprediction of peak power. The resultant 

large oscillatory loads can accelerate blade failure and may also damage the gearbox, bearings 

and other components of the drive-train. Recent decades have witnessed a renewed interest in 

the H-rotor concepts; both for potential offshore floating-platform installations and small wind 

turbine (<100 kW) applications. 

Small high-solidity straight-bladed VAWTs—due to their low tip-speed ratios— are 

unusual in the sense that at peak power their blades are stalled for a large fraction of the azimuth. 

Blade aerodynamics depends strongly on the blade-radius ratio /c R  . In particular, during 

the pitch-up motion, both the “virtual camber” max( / )z c  and the dimensionless pitchrate 
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up rel/ 2 | |c V   are proportional to   [24,62]. Figure 4, based on idealized kinematics, 

illustrates the difference between the virtual camber, relative dynamic pressure, angle-of-attack, 

and pitch-rate for two turbines of identical solidity, namely 2N = , 0.75 =  and 5N = , 

0.3 = . The blade static angle is assumed to be 13s =  , and the shaded area on the graphs 

represents post-static-stall angles-of-attack, which makes up the majority of the upstream torque 

producing azimuth. Both the virtual camber and dimensionless pitchrates increase by a factor 

of 2.5. With the blades stalled dynamically over the majority of the azimuth, we can define two 

objectives. First, dynamic stall can be “managed” by blade design,  i.e., the selection of   and 

/cx c  to maximize performance and with acceptable unsteady loads [63,64]; and second, 

attempts can be made to suppress or eliminate dynamic stall. 

  

  

Figure 4. Virtual camberlines at different strut-blade connection points /cx c  (left), and angle-

of-attack, pitch-rate and relative dynamic pressure (right) in the upwind quadrants of equal-

solidity VAWTs  ( 2N = , 0.75 =  and 5N = , 0.3 = ) operating at the Betz limit. Static stall 

is assumed to occur at 13° and the shaded area represents post-stall angles-of-attack [24,62]. 

2.3 Fixed Wing Aircraft 

We can distinguish between cyclical phenomena—associated with helicopter and wind turbine 

blades and characterized by alternating dynamic stall and attachment—and transient 

phenomena produced by purely pitch-up or pitch-down motion. In transient dynamic stall, the 

external flowfield changes dynamically from one nominally steady state to another, often 

characterized by delay-and-decay-type behavior [65]. One example is the attainment of so-

called supermaneuverable aircraft that exploit the transient effects of the lift overshoot 

associated with dynamic stall [66]. Here the objective is to exploit and harness dynamic stall 

effects, to facilitate controlled flight and stability at excessively high angles-of-attack. 
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Alternatively, a control objective may be the delay unsteady vortex breakdown—which can 

lead to large pitch oscillations or loss of control, or excessive structural loads—by means of 

external actuation. 

Dynamic stall has also been identified as a factor leading to loss of control on small and 

medium-scale fixed-wing unmanned aerial vehicles (sUAVs and UAVs) that fly at relatively 

low altitudes. In these highly unsteady environments, dynamic stall is most acute when the gust 

characteristic velocity and/or length scales are comparable to those of the vehicle [67]. This can 

occur, for example, when a vortex encounters a wing, where the vortex peak velocity and core 

size are comparable [2]. On larger UAVs  dynamic stall from control surfaces due to crosswind 

gusts during takeoff and landing can lead to a loss of control [12].  

2.4 Flapping Wing Aircraft 

For flapping wing aircraft, dynamic stall is a major factor for both hover and propulsion [68,15]. 

This class of aircraft is known as flapping wing unmanned air vehicles (FWAVs) [69] and spans 

mostly the micro to nano air vehicles (MAV and NAV) ranges [70]. For propulsive flight, 

typically at 
510Re  , dynamic stall is associated with reduced thrust coefficients and reduced 

propulsive efficiency [13]. The objective therefore is to suppress or eliminate it, either by design 

or by passive or active methods. For hovering flight, commonly at 
410Re  , massively 

separated unsteady flows are in fact exploited to generate lift [71,72]. Researchers turn to, inter 

alia, the field of biomimicry—in particular, insect and bird flight—to develop vehicles with 

these specifications. Aerodynamic factors that must be considered are low Reynolds numbers, 

low aspect ratios, and possibly, flexible, wings [72]. A major challenge is to develop flapping 

kinematics, together with wing shape and flexibility, to take full advantage of the lift-generating 

large-scale unsteady vortical flow structures. In this context, the objective is not to eliminate or 

ameliorate separation, but rather to manage or control the unsteady separated vortical structures.  

 An example of the role of the LEV, combined with the wingtip vortex (TV), is shown 

in Figure 3, which is a numerical simulation of hovering bumblebee, where the wings 

simultaneously flap and pitch [73]. The combination of the Q-criterion isosurface on the left 

wing and the pressure coefficient on the right wing, illustrates dominant instantaneous effect of 

the LEV. Wing flapping frequencies must correspond to time-scales that ensure at least one 

vortex above the wing at any instant, in order to extract beneficial aerodynamic forces. When 

viewed as a problem of dynamic stall control, the wing itself serves as the actuator, and in this 

sense, it can be considered to be a mechanical actuator. In this review, we will consider a 

significant simplification of the problem and attempt to explain leading aerodynamic 
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parameters in terms of vortex shedding frequencies and leading-edge active flow control 

perturbations. 

  

Figure 5. Results from a numerical simulation of a hovering bumblebee, with flapping and 

revolving wings, illustrating the effect of the LEV by the Q-criterion isosurface (left wing) 

and the pressure coefficient (right wing ) (from [73]). Republished with permission. 
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3 Incompressible Flows 

The vast majority of dynamic stall research has been performed in the incompressible flow 

regime, due to its appearance on helicopters and wind turbine blades, as well as fixed- and 

flapping-wing vehicles (see section 1) [1,2]. We will adopt the conventionally incompressible 

demarcation, namely 0.3M  , although at combined large pitchrates and high post-stall angles-

of-attack, flow can become locally supercritical 0.2M   [20].  The process of dynamic stall is 

not currently amenable to first principles theoretical analysis, and hence our empirical or semi-

empirical understanding generally guides our control attempts. For incompressible flows, a 

common theme is that methods that are effective for static stall control are effective for dynamic 

stall control, once the appropriate dynamic effects are accounted for. In the subsections below, 

we will differentiate between different dynamic stall, review passive and active methods, justify 

reductions in parameter space, and survey different approaches to control. Compressible 

dynamic stall and its control are discussed in section 4. 

 

3.1 Characterization of Dynamic Stall 

Although dynamic stall generally occurs under combined pitching, plunging and surging, it is 

common to consider pure harmonic pitching, of the form: 

 
1( ) sin ( )mt t   = +  (1) 

under a constant freestream velocity U
. Justifications for, and limitations of, the idealized 

blade motion of equation (1) are discussed in section 3.6. In addition to the angle-of-attack 

parameters given in equation (1), the leading dimensionless parameters are reduced pitchrate 

/ 2k c U   and chord-based Reynolds number / .Re U c   (Mach number effects are 

discussed in section 4.) On finite wings, it is more common to consider a transient motion from 

one angle-of-attack to another, characterized by the dimensionless pitchrate / 2c U   .  

3.1.1 Two-Dimensional Airfoils 

Much like static stall studies, our main understanding of dynamic stall derives from the two-

dimensional investigations. Similarly, under dynamic pitching, three main types of 

incompressible dynamic stall are generally identified, namely leading-edge, trailing-edge, and 

thin airfoil, stall. Representative examples of the principal aerodynamic coefficients nC  and 

mC  are shown in Figure 6 for a NACA 0012 airfoil (top row) and NACA 0018 airfoil (bottom 

row), where the pitch axis is the aerodynamic center / 4c . A representative example of thin 

airfoil stall under pitch-up is shown in Figure 7. 
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Figure 6. Aerodynamic coefficients and illustrations of leading-edge (NACA 0012 airfoil, 

62.5 10Re =  , 0.050k = ) [17,74,75] and trailing-edge (NACA 0018, 
55 10Re =  , 0.058k = ) 

[80,81] dynamic stall, under harmonic pitching about the aerodynamic center / 4c . 

 

3.1.1.1 Leading-Edge Stall 

Leading-edge stall, often associated with helicopter blades, is the most widely studied and its 

characteristics can be understood with respect to the descriptions in [17,74,75] amongst others. 

Note that the reduced frequency is an idealization because, for a given radius, the velocity 

relative retreating blade varies with the azimuth. Typical helicopter blade values lie in the range 

0.02 0.25k  , with corresponding Reynolds numbers 
6 62 10 6 10 .Re     The various 

stages described in [17] are condensed in Figure 6 (top row). During pitch-up, as the airfoil 

exceeds the static stall angle, flow reversal appears on the aft part of the airfoil and moves 

upstream with increasing  . Nevertheless, the streamlines do not deviate significantly from the 

airfoil surface, and the leading-edge bubble does not immediately burst. Thus, lift and moment 

stall are delayed, as exemplified by negligible changes to the lift and moment slopes /lC    

and / .mC    At an angle determined by k ,
max , and  Re , the leading-edge bubble bursts 

[75]; this is often described as the formation and growth of a leading-edge vortex (LEV), which 

is identified by moment stall and an increase in the lift slope. Shedding of LEV precipitates lift 

stall and the shed vortex induces an upwash, identified as a second smaller lift peak, without 

significantly affecting the moment. The flow remains separated until the airfoil has pitched to 

below the static stall angle, and the cycle is completed when the boundary layer attaches to the 

surface. 
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The attachment process initiates at the leading-edge just below the static stall angle 

[76,77]. This is followed by a “pressure wave” that propagates from the leading-edge to the 

trailing-edge [78]—and is associated with the initial attachment of the shear layer, which is 

independent of airfoil shape [78], and driven by the freestream velocity [79]. The time taken for 

full attachment of the boundary layer depends upon pitchrate but saturates at approximately 

four convective time units. 

  There are several analytical and semi-analytical explanations for the stall delay: e.g., 

pressure gradient effects, effective camber, and the Magnus effect; and the formation and 

shedding of the LEV based on a Lagrangian analysis of the flow [20]. However, from a control 

authority viewpoint, it is pragmatic to consider static and dynamic stall as similar process, with 

the appropriate delays and decays accounted for. This viewpoint is based on static NACA 0012 

airfoil’s unsteady surface pressures at 1s +  , where the flow separates dynamically, via the 

mechanism of bubble bursting, and attaches dynamically—both seemingly randomly. While it 

is not clear what triggers this behavior, the qualitative dynamic separation and attachment on 

the static airfoil are identical to those on the pitching airfoil. This observation serves as a basis 

for the assertion that effective static stall control strategies will also be effective under dynamic 

conditions. 

3.1.1.2 Trailing-Edge Stall 

Trailing-edge stall—describe here with respect to the NACA 0018 airfoil—has some important 

differences that are shown in Figure 6 (bottom row), and it is most commonly associated with 

wind turbine blades. On large HAWTs, typical reduced frequency and Reynolds number ranges 

are 0.02 0.1k   and 
6 76 10 10 .Re    (On high-solidity VAWTs, the dimensionless 

pitchrate pitch-rate up , see section 2.2, is a more appropriate parameter and  5 610 10 )Re  . 

As the airfoil pitches beyond the static stall angle, the trailing-edge separation present in the 

static case develops into an aft vortex (AV) that results gentle lift-stall, accompanied by gradual 

nose-down pitching moments [80,81]. In this particular case, the large leading-edge radius, 

combined with shedding of the AV results in weak leading-edge vortex LEV and hence no 

significant upwash in the wake. As in the leading-edge stall scenario, the flow attaches from the 

leading-edge and can also be viewed as delay-and-decay-type behavior, based on the 

observations and modeling of flow attachment under static versus dynamic conditions [82]. 
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3.1.1.3 Thin Airfoil Stall 

Thin airfoil stall is commonly studied with regard to pure pitch-up motions, as shown in Figure 

7  [83,84]. Corresponding finite wing results, with 3.94RAR = , are also shown for purposes of 

comparison. These studies are usually motivated by applications to rapidly pitching aircraft and 

flapping wing flyers, where large momentary lift is required, or where sustained flight requires 

that unsteady lift forces exceed corresponding steady values by several factors. The leading-

edge bubble, which exists under static conditions, manifests as an LEV, whose size and strength 

increase with increasing pitchrate. This leads to lift coefficients that are several factors greater 

than the corresponding static values. Increasing pitchrate also affects the formations and 

shedding of the vortex, as can be seen by the , /2m cC  peak. Furthermore, the vortex strength, and 

hence lift, increases with the distance from the pitch axis to 3 / 4c . Thus, apart from non-

circulatory components [85], the primary contribution to lift arises from the LEV as shown 

schematically in Figure 7. It is important to note that at sufficiently high Reynolds numbers, 

where skin friction plays a relatively minor role, both lift and drag are primarily dependent on 

the normal force, hence / tand lC C  . 

 

Figure 7. Aerodynamic coefficients [84] and illustrations (cf. [83]) of thin airfoil dynamic stall 

based on the pitch-up motion. Coefficients are for 45 (1 cos ),t   − with max max / 2c U    

at 
41.45 10Re =   and the pitch axis at  / 2c . (For the 3D case 3.94RAR = ). Data reproduced 

with permission. 

3.1.2 Finite Wings 

On finite wings, dynamic stall, like its static counterpart, is strongly affected by three-

dimensional and tip effects. For example, on an 2RAR = , NACA 0012 profile with /16k =

during pitch-up an LEV forms, while the tip vortices (TVs) maintain vortex lift at the leading-

edge of the tips [86]. The combined LEV and TVs evolves into an arch and is finally shed as a 

ring vortex. The integrated loads, therefore, do not exhibit significant /lC    changes during 
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pitch-up, as observed on airfoils [86,87,88]. A representative example is shown for an 1AR =   

wing, under both light and deep stall in Figure 8 (left) [87]. There is also evidence to suggest 

that flow topologies associated with different planform shapes, for example, rectangular shapes 

with flat and rounded tips, tapered wingtips, and swept-back tips, exhibit strong similarities 

[89]. With the introduction of sweep [88], the arch vortices formed on each semi-span, move 

successively outboard with increasing sweep angle. 

 On delta wings, static lift is produced predominantly by the swept leading-edge vortices, 

sLEVs [90]. (We used this terminology to distinguish it from conventional swept-wing airfoil 

LEVs.) Under dynamic pitching, the presence of lift generating sLEVs that already exists, 

results mainly in delay-and-decay type aerodynamic behavior [91-97]. Consequently, the lift 

overshoot does not exhibit strongly non-linear slope change, because no new vortical structures 

are present. During pitch-up motion, vortex breakdown lags its steady state counterpart, leading 

to the lift overshoot. Vortex breakdown continues moving forward, and when it reaches the 

wing apex the flow is considered to be fully separated. During pitch-down, there is again a delay 

in the re-formation of the leading-edge vortices, and vortex breakdown is overcome from the 

apex to the trailing-edge. An example of a fighter aircraft model under free pitching, shown in 

Figure 8, is typical of the behavior observed on delta wings [65]. 

                

Figure 8. Left: Lift coefficient on a finite wing ( 1)AR =  undergoing harmonic pitching at 

0.03k =  and 
53.0 10Re =   [87]. Right: Vertical lift coefficient on a fighter aircraft model 

under free pitching [65]. Permission to reprint image pending. 
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3.2 Common Control Metrics 

The particular metric used to gauge the efficacy of dynamic stall control, depends upon the 

specific application. For example, on wind turbine blades, normal or lift force coefficient 

excursions,  e.g., ,exc ,max ,minn n nC C C −  must be constrained to bounds dictated by flapwise 

fatigue lift considerations [98]. On helicopter blades, higher ,maxlC  is desirable, but this must 

not come at the expense of negative pitching moment or moment excursions, ,minmC  or 

,exc ,max ,minm m mC C C − , followed by lift stall. It was shown by [99] that for a given airfoil, a 

unique relationship exists between maximum lift, minimum moment and maximum form drag, 

expressed by so-called dynamic stall functions ,max ,min( )l mC f C=  and ,max ,max( )l dC f C= . These 

functions are useful because they allow an unambiguous evaluation of a control method, or a 

comparison between different methods. A different metric proposes increasing or maintaining 

,maxlC  while containing ,excmC  to within an allowable bracket ,excmC , where   is a factor 

slightly greater than 1.0 [100]. The bracket is subjective and is typically prescribed by practical 

design considerations. 

On helicopter blades, dynamic stall can lead to torsional stall flutter, that occurs when 

the nonlinear unsteady aerodynamic loads couple with the torsional natural frequency of the 

blade to produce a self-sustaining oscillation [20]. This aeroelastic instability is distinct from 

classical flutter that occurs under pre-stall conditions. When advancing blade damping is small, 

negatively damped retreating blade stall can lead to “additive limit-cycle growth” [20]. For a 

single-degree-of-freedom airfoil within a constant freestream, the cycle-averaged aerodynamic 

damping is: 

 cycle 2

1

1
mC d 


 −   (2) 

and, more recently, techniques have been developed to calculate the intracycle aerodynamic 

damping [101]. It was shown that unstable loading is mostly prevalent in light stall, where the 

sense of the -mC   loops are positive. Effective dynamic stall devices or methods should 

reduce, eliminate, or invert the clockwise -mC   loops associated with dynamic stall. 

 

3.3 Management of Dynamic Stall 

In certain applications, the presence of dynamic stall is desirable because it produces a temporal 

lift increase that can be exploited. In these instances, dynamic stall must be “managed” in the 

sense that the convective times-scales governing the dynamic stall processed must be harnessed 
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to produce an aerodynamic benefit. We demonstrate this on high-solidity VAWT 

( / 0.5,Nc R   where N is the number of blades, c  is the blade chord-length  and R  is the 

turbine radius), typically used for high-torque applications [102-105], where dynamic stall is 

not a bug—it’s a feature, due to high angles-of-attack attained at low tip-speed ratios 1   

[24]. Dynamic stall, therefore, must be managed to increase torque without exceeding design 

fatigue loads. 

 

Figure 9. Left, top: VAWT blade schematic showing the particle image velocimetry (PIV) field 

of view. Left, bottom: Turbine performance map, showing tip-speed ratios corresponding to 

PIV measurements. Right: Velocity vectors relative to the blade and vorticity inboard of the 

upstream blade (adapted from [106]). 

 

Solidity can be varied by either increasing N  or the chord-radius ratio /c R  , and 

this is an important distinction (see Figure 4), because both the dimensionless pitchrate 

rel/c V   and the virtual camber /dz dx —in the upwind, torque-producing quadrants—are 

proportional to   [24,62]. Figure 9 shows power coefficient data with flowfield images at 

120 =   inboard of the upstream blade of a two-bladed H-rotor VAWT model with 0.6 =  

(adapted from [106,63,24]). The velocity vectors ( , )u v are rendered in the coordinates of a 

stationary blade; and dimensionless vorticity was calculated according to 

/ ( / / ) / .zc U v x u y c U     −   Increasing the turbine loading reduces   and produces 

more advanced shedding of the LEV with a successively smaller AV—and further increases in 
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loading arrests the turbine. During pitch-up, both the LEV and AV are responsible for torque 

generation. The aerodynamic objective, therefore, is to maximize torque generation associated 

with the dynamic stall vortices when the relative dynamic pressure is high and to allow their 

shedding when the relative dynamic pressure is relatively low. In this way, the beneficial effects 

of dynamic stall on the aerodynamic coefficients can be harnessed and the detrimental effects 

can be ameliorated. 

 

3.4 Passive Devices: Fixed and Deployable 

The most common passive devices evaluated under conditions of dynamic stall are vortex 

generators (VGs) or some variation on VGs, leading-edge devices, backflow flaps, and trailing-

edge flaps to Gurney-type flaps. VGs and micro VGs (10%-50% of the boundary layer thickness 

[107]) are the most widely used passive devices on wind turbine blades, particularly on the thick 

inboard sections [108,109], and they are often retrofitted to overcome poor aerodynamics due 

to leading-edge degradation [110]. In particular, the inboard blade sections are susceptible to 

dynamic stall because gust amplitudes may be comparable in magnitude to the local blade 

speed. Under static conditions, VGs generally increase ,maxlC , 
s  and ,minmC , but also increase 

base-drag 
0dC  [111]; and therefore similar observations are made under dynamic pitching 

[112,113]. The major design parameters for optimization of turbine power include profile shape, 

height-to-boundary layer ratio, chordwise location, number of arrays and layout [108]. The 

negative effects on drag have led to the concept of “on-demand” deployable VGs [114,115] or 

rotatable VGs using servo motors [116] that are deployed only when needed, i.e., for ,s   

and have been demonstrated under conditions of scheduled or pre-determined control [117].  

 Leading-edge devices commonly employed on aircraft to increase the stall angle under 

nominally static conditions have also been applied to the control of dynamic stall. These include 

leading-edge slats (Handley-Page slots) [118,119] drooped (or deformable) leading-edges 

[120], and variable/adaptive geometry or camber. Downstream of the leading-edge, backflow 

(reduction) flaps [121,122]—that have a similar appearance to small spoiler elements—produce 

an increase in ,maxlC  by hindering movement of the separation location upstream. Extending 

this passive concept to deep dynamic stall conditions on an OA209 airfoil, produced a 19% 

increase in ,minmC  that could be increased to 25% by actively deploying the flap [123]. Trailing-

edge flaps and trailing-edge devices, such as Gurney flaps or micro-tabs, do not directly control 

dynamic stall. Rather, they modify aerodynamic performance at pre-stall angles-of-attack. For 
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example, upward flap deflections increase ,minmC , but also reduce ,maxlC  and the formation and 

evolution of the LEV is not materially affected [124]. Under static conditions, Gurney flaps 

increase the lower surface pressure and suppress or eliminate upper surface trailing edge 

separation [125]. Hence, under dynamic conditions, lift is enhanced, but dynamic stall 

mechanism not significantly affected [126]. 

 

3.5 Active Flow Control 

While passive devices are often reflexively chosen due to their simplicity, their control authority 

is limited and this has led to the evaluation of active flow control (AFC), which we define as 

devices or methods that are driven by an external energy source. (For purposes of this 

discussion, this does not include the energy required to deploy passive devices as described in 

section 3.4.) Typical examples include slot suction [127,128], slot blowing [129-132], 

combinations of the two [133], combustion-based actuators [134], microjet blowing [135], 

steady and pulsed VG jets [136,137], zero mass-flux blowing [100,138] and various types of 

plasma actuation [139,140]. Active methods are either nominally steady or unsteady. Unsteady 

methods are most commonly divided into those whose input timescales are much smaller than 

[141,100,140], and comparable to  [27,21], those of dynamic stall. We will refer to these as 

high-frequency and low-frequency perturbations, respectively. Note that for scheduled or 

feedback control, perturbations at both timescales is common (see sections 3.7 and 3.9). 

 

3.5.1 Nominally Steady Methods 

The main nominally steady methods involve some form of mass extraction (suction) or 

momentum addition (blowing). As a general rule, methods involving suction (e.g. [127]) are at 

a disadvantage because the pressure difference is limited to one local atmosphere and suction 

holes and slots are prone to blockage [128]. On the other hand, the introduction of steady 

momentum flux is usually only limited by sonic conditions at the slot or orifice throat. Two 

methods that show promise are upper-surface discrete jet blowing, that mimics the effect of 

VGs [142], and slot blowing, which exploits the Coandă effect [129]. The latter is 

technologically the most successful, having been applied to several production aircraft (see 

references in [143]), and will be the focus of this section. The leading parameter for slot blowing 

is the momentum coefficient, namely: 

 

2

ref

j j jU A
C

q A






  (3) 



25 

where j jA h=  ( j jA h=  and 
refA c=  for two-dimensional problems). Power consumed by the 

actuator can either be calculated directly using a power coefficient [144] or indirectly based on 

the selected configuration [145,146]. The first effective demonstrations of active retreating-

blade stall, under incompressible conditions ( 0.2),M   were the rotor-rig experiments 

performed by [129] in the range in the range 0.34 0.46.   The primary observations were 

that surface-tangential leading-edge slot ( / 8.5%)sx c =  blowing is effective in reducing 

moment stall, mid-chord ( / 50%)sx c =  blowing is ineffective, and cyclic (or scheduled) 

control can be implemented for energetic input savings. These observations have been 

confirmed and further understood in subsequent dynamic stall airfoil experiments [130,132]. 

Leading-edge blowing “traps” the separation bubble upstream of the slot [130-138]. If the slot 

is too far downstream (e.g. / 25%)sx c =  [130,], then excessive momentum input ( 0.16)C   

is required for effective control. If the slot is even further downstream (e.g. / 50%)sx c =  

[129,132], then the LEV is unaffected, but trailing separation can be eliminated. Furthermore, 

similar leading-edge slots have greater control-authority on relatively thick airfoils (e.g., NACA 

0018 [132] versus NACA 0012 [138]). 

  

Figure 10. Quasi-steady NACA 0018 aerodynamic coefficients for the baseline and for leading-

edge ( / 5%)sx c =  slot blowing at different momentum coefficients, at 
53.0 10Re =  . Points 

indicated correspond to PIV data in Figure 11. 
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Figure 11. Leading-edge slot blowing flowfields for baseline (left), high- 5%C =  (center) 

and low- 0.6%C =  (right) momentum coefficients, at 15 =   (corresponding to points 

indicated in Figure 10). 

 

Slot blowing has another underexploited feature, which is that low momentum 

coefficients corresponding to j eU U   ( eU  is the boundary layer edge velocity at the slot 

location), induce (or promote) separation [132,147,148,5]. In the absence of blowing, the 

baseline separation bubble is held in place by a balance of pressure and shear forces, and this 

balance is disturbed by the low momentum flux [132], leading to bursting of the bubble. 

Therefore, slot blowing can be used as a load control device by either inducing or suppressing 

dynamic stall. The breakeven point typically corresponds to (1 / ) 1e jC U U −   [147]. 

Dynamic stall and its control are directly related to static stall and its control under the 

same control input conditions. This is shown by the dual effect—either stall suppression or 

promotion—for quasi-steady and unsteady pitching, shown in Figure 10 and Figure 11, and 

Figure 12 and Figure 13, respectively [132]. For the quasi-steady baseline case, trailing-edge 

stall commences at 7    (Figure 10, left), with leading-edge stall at 16    and significant 

bi-stable behavior (hysteresis). Trailing-edge stall reduces the overall circulation—and hence 

the leading-edge suction peak—resulting in an increase in mC  at 7 ,     and the extent of 

trailing-edge separation can be seen in Figure 11 (left). Blowing with 2.5%C   increases 

circulation at 7   , reduces or eliminates trailing-edge separation at 7    (see Figure 10, 

left; and Figure 11, center), and significantly increases the leading-edge stall angle (up to 

12 )s +  . The pressure coefficient distributions (not shown, see [132]), indicates that leading-

edge separation is prevented by trapping the bubble upstream of the slot. In addition, the aft 

constant pressure (separated flow) region propagates gradually towards the leading edge with 
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angle-of-attack, and virtually eliminates bi-stable lift behavior. With 0.6%C  , leading-edge 

stall is precipitated at 9    (Figure 11, right), and also reduces bi-stable behavior. 

    

Figure 12. Baseline and slot blowing airfoil lift and moment coefficients under dynamic 

pitching for 15 10 sin t = +   at 0.074k =  and 
52.5 10Re =  . Indicated points identify data 

sets shown in Figure 13. 

 

Corresponding unsteady phase-averaged aerodynamic coefficient data at different C  

are shown in Figure 12 and selected representative combined pressure coefficient, vorticity and 

vector renderings are shown in Figure 13, during the pitch-up stroke (see indicators on Figure 

12). For the baseline case, trailing-edge separation is clearly evident at 16.7 =   and an aft 

dynamic vortex (AV) forms at 20 =   to produce a mild lift peak, together with the onset of 

gentle moment stall. The formation and shedding of the LEV ( 22.7 )    produces a second 

peak, which sheds into the wake, and its resulting upwash produces a third peak. Low 

momentum blowing ( 0.6%)C = , precipitates leading-edge separation which reduces lift and 

triggers moment stall ( 16.7 ), =   with full leading-edge stall at 21   . The small second lift 

peak at 22.7    is a result of upwash in the wake, as in the baseline case. For high momentum 

blowing ( 7.2%)C = , the bubble is trapped upstream of the slot and this effectively eliminates 

leading-edge dynamic stall for 24.5   . Close to the peak angle-of-attack, the leading-edge 

suction peak drops but full leading-edge stall and hence moment stall are not fully eliminated. 

There is also no secondary peak here, because there is no shedding of an LEV. Irrespective of 

C  value, ,minmC  always increases (or ,excmC  reduces) and positive cycle-averaged damping 

cycle  always increases. The large control authority of leading-edge slot blowing is exploited 
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further for iterative learning and feedforward control, illustrated in sections 3.8 and 3.9.2, 

respectively. 

 The pressure, integrated load and PIV data, described above, can be found with full 

documentation at the data resource: https://www.flowcontrollab.com/data-resource. These data 

sets can be used for CFD validation, and are employed for iterative learning control described 

in section 3.8 and feedforward control described in section 3.9.2.  

 

  

Figure 13. Superimposed phase-averaged pressure coefficients, vorticity and flow vectors for 

selected pitch-up angles corresponding to baseline, low momentum coefficient and high 

momentum coefficient cases, shown in Figure 12.  

3.5.2 Periodic Excitation and Forcing 

The introduction of high-frequency periodic perturbations—mechanical, fluidic, combustion-

based, or plasma-based—to prevent nominally static stall or to reduce its negative effects, has 

been studied for many decades [149]. It therefore comes as no surprise that the same basic 

concept can be extended to the control of dynamic stall. The problem is characterized by at least 

two frequencies—pitching and perturbation—represented respectively by k  and the reduced 

frequency: 

 
p pf X

F
U

+



  (4) 

https://www.flowcontrollab.com/data-resource
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where  pf  is the perturbation frequency, and pX  is the distance from the perturbation location 

to the trailing-edge. Typical effective reduced perturbation frequencies are 0(10 )F + = , but 

they can also be in the 1(10 )  to 2(10 )  range [149,87,150,151,152]. This large range is 

explained with respect to excitation of the leading-edge bubble, where its length is inversely 

proportional to the excitation frequency [87,150,151]. The perturbation amplitude is commonly 

quantified by the unsteady momentum coefficient: 

 2

act act act

ref act

1
C U dA

q A
 



   (5) 

which facilitates a comparison between disparate actuation methods; for example, mechanical 

versus fluidic, or steady [equation (3)] versus unsteady. Higher values of C  are generally 

required to attach an initially separated flow than to prevent separation of an initially attached 

flow [153]. Low and high values of C  generally indicate whether excitation or forcing is the 

flow control mechanism. The general rule is that if the perturbation amplitude increases 

temporally or spatially, then an excitation mechanism is present. 

 

3.5.2.1 The Frequency Disparity 

With the introduction of high-frequency periodic perturbations, a large disparity usually arises 

between the pitching and perturbation frequencies, i.e., ,pf f or in non-dimensional form 

( / )( / ) 1pF k c X +
 [154]. This is most commonly achieved with fluidic and plasma-based 

actuation. The latter [155] almost always relies on an excitation mechanism. AC-DBD plasma 

actuators rely on a body force, expressed as the momentum coefficient /pC F q c = , that is 

most commonly pulsed modulated at various duty cycles d.c. , hence ˆ (d.c.)C C = . 

Nanosecond pulsed-DC actuators produce localized temperature increase in the form of point 

thermal bursts, and the sudden point heating generates weak shock waves or acoustic waves. 

Examples of light dynamic stall control by open-loop (continuously operating) zero 

mass-flux blowing ( )pX c=  on leading- and trailing-edge stallers, with / 38F k + = , is shown 

in Figure 14. For both airfoil examples, static effects of control—namely, increases in ,maxlC  or 

,minmC —are reflected in the dynamic results. This is an indication that the control mechanisms 

associated with nominally static (or quasi-steady) stall are also active during dynamic stall. In 

short, for incompressible dynamic stall control, if it works statically, it will work dynamically. 
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Note, furthermore, that leading-edge perturbations have significantly different effects on cycle-

averaged aerodynamic damping. For the leading-edge staller (NACA 0012 airfoil), the post-

stall negative damping (clockwise loop) is significantly diminished. In contrast, for the trailing-

edge staller (NACA 0015 airfoil), positive damping associated with the baseline case switches 

and becomes negative when perturbations are introduced. This effect is not present for control 

under deep dynamic stall and its effects can be significantly reduced by controlling trailing-

edge separation [100]. 

 

Figure 14. Examples of open-loop dynamic stall control and dynamic stall control ( 0.05)k =  

using zero mass-flux blowing. Left: NACA 0012 airfoil, with a 45° slot at / 5%x c =  

( 1.5,F + = , ˆ 0.5%,C =  52.4 10 )Re =  . Right:  NACA 0015 airfoil, with a tangential slot at 

/ 0x c =  ( 0.6,F + = , ˆ 0.21%,C =  53 10 )cRe =  . 
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Figure 15. Left: NACA 0015 pressure coefficient amplitudes of the fundamental excitation 

frequency at four phases ( / 18)F k + =  under static conditions at 25 =  , and dynamic 

conditions 20 5 sin( )t =  +   at 24.5 25    . Right: Fundamental frequency pressure 

coefficient amplitude and phase ( / 29)F k + = . 

 

Further evidence that static and dynamic pitching control mechanisms are the same can 

be seen from the NACA 0015 pressure coefficient amplitude of the fundamental excitation 

frequency (with the average removed) in Figure 15 (left, / 18F k + = ) under static ( 25 ) =   

and dynamic (restricted to 24.5 25 )     conditions [154]. The pressure peaks are the 

“footprints” of the generated vortices [100] as they amplify, and then decay, in the streamwise 

direction, and it is clear from the upstream amplifications that an excitation mechanism is 

operating. Importantly, the dynamic amplitudes are similar, and the minor differences are most 

likely due to dynamic effects, but the fundamental mechanism of vortex generation is not 

materially affected. Increasing the frequency disparity (Figure 15, right: / 29F k + = )  

produces an improved correspondence with virtually identical phase speeds. 

It is clear that both dynamic pitching and periodic excitation produce leading-edge 

vortices: LEVs and a train of vortices, respectively. The key difference, of course, is the 

governing time-scales. Therefore, excitation under typical helicopter and wind turbine 

pitching/plunging frequencies can be analyzed under quasi-steady conditions, and consequently 

no pitching-actuation phase-relation needs to be enforced. The above observations, therefore, 
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can be summarized in a rhyme inspired by [156]: big whirls have structure when created 

periodically; and structures have time-scales that determine functionality. 

3.5.2.2 Dynamic Stall Functions Application 

The dynamic stall functions described in section 3.2 are illustrated in Figure 16 with respect to 

zero mass-flux control on a NACA 0012 airfoil under dynamic pitching in the ranges 

5 510 2.4 10cRe    and 0.05 0.01k   (cf. Figure 14, left) [138]. Baseline functions 

,max ,min( )l mC f C=  and ,max ,max( )l dC f C=  (open symbols) are shown, together with high 

Reynolds number functions from [87]. The differences between the high and baseline-low 

Reynolds number functions are purely a Reynolds number effect, and apart from the very deep 

stall case max( 14 )s − =  , the low Reynolds number baseline data can also be fairly well 

represented by similar functions. For both functions, the objective is clearly to maintain or 

increase ,maxlC  while increasing and decreasing ,minmC  and ,maxdC , respectively. A summary of 

controlled data points for 1.5F + =  and increasing Ĉ  (filled symbols) are shown to illustrate 

this. At small values of C , relatively small changes to ,maxlC  are accompanied by significant 

reductions in ,minmC , while increases in Ĉ , increase ,maxlC  while maintain the ,minmC  increases. 

It is notable that ,minmC  can be maintained with a small negative bracket irrespective of the 

angle-of-attack range. These data points reflect the elimination of the LEV, by trapping the 

separation bubble upstream of the blowing slot [138]. Matching ,maxdpC  data points also show 

expected reductions with increasing C , consistent with control of the LEV.  However, it is not 

possible to reduce ,maxdpC  below some threshold that is independent of angle-of-attack, because 

the contribution of the normal force component to drag increases with angle-of-attack. We can 

conclude that the comparisons of dynamic stall control methods, based on dynamic stall 

functions, is a useful filter for initial evaluations and comparisons of different active or passive 

methods. 
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Figure 16. Dynamic stall functions for a NACA 0012 airfoil at high Reynolds number [99], 

shown with low Reynolds number baseline functions and control data points with zero mass-

flux blowing [138]. 

 

3.5.2.3 Finite Wings 

The similarity between static (or quasi-steady) and unsteady responses to high-frequency 

actuation, is also observed on low aspect ratio wings. For example, on an 1AR = , NACA 0015 

wing, ,maxLC  under quasi-static with 10F + =  is higher than that with 1F + = , (corresponding to 

/ 1050F k + =  and 105, respectively), and the drag rise is delayed by approximately 5 degrees 

(see  Figure 17) [87]. Under dynamic pitching, this is reflected by higher ,maxLC , smaller LC  

hysteresis, and particularly, significantly lower ,maxDC . Similarly, for static swept and upswept 

finite wings [157] or static delta wing experiments [158,159], where high-frequency excitation 

is responsible for aerodynamic improvements, it can confidently be expected that similar results 

will be attained under dynamic pitching. 
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Figure 17. Quasi-static ( 0.0001 = ) and dynamic 0.03k =  lift and drag coefficient variation 

(top and bottom, respectively) with angle-of-attack for baseline and controlled cases [87]. 

3.5.2.4 Sweep Effects 

The study of dynamic stall control under swept conditions has not received direct attention, 

although we can reasonably assume that results obtained under static conditions are relevant 

when / 1F k +
. In the case of infinite sweep at an angle —practically where tip effects 

are negligible—it was shown that the freestream velocity component tangential to the leading-

edge plays almost no role in terms of the effects of excitation or forcing, providing that the 

control parameter definitions are modified as / cosF +
 and 2ˆ / cosC   [160]. Near a swept 

back tip however ( 30 ) =  , the effects of leading-edge perturbations degrade significantly, 

with virtually no meaningful lift enhancement close to the tip, irrespective of the tip shape [157]. 

This is because the trajectories of the vortices generated at the leading-edge are swept across 

the span, off the tip and into the wake, thereby having no effect on local circulation. The greater 

the sweep angle, the larger the outboard span of the tip region is affected. Degradation near 

swept tips is certainly a consideration for helicopter blades—apart from compressibility effects 

(see section 4)—that experience periodic inboard and outboard sweep within the rotor cycle, as 

can be seen from Figure 1 (left). Indeed, the dynamic stall control near swept-blade tips is 
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clearly critical, irrespective of the control method, but has not been sufficiently evaluated to 

date. 

3.6 Reducing the Parameter Space 

In general, aerodynamic bodies translate and rotate with six degrees-of-freedom and therefore 

can stall dynamically due to translation, rotation, or some combination thereof. When 

evaluating a dynamic stall control method or strategy—either experimentally or 

computationally—we would like it to have as general an application as possible, while 

minimizing the test matrix. For pure pitching this can be done by changing the pitching 

frequency alone—and not the angle-of-attack excursions—based on the principle of the 

matched pitch-rate. In addition, we can extend the concept of pitch-plunge equivalence to justify 

the adoption of pure pitching as being representative of plunging motion. These two concepts 

are described below. 

3.6.1 Matched Pitchrate and Matched Inflow 

Under harmonic pitching, where the phase-dependent angle-of-attack is described by equation 

(1), the matched pitch-rate concept was proposed by McCroskey et al [161]. It asserts that 

dynamic stall observed under two independent angle-of-attack profiles ( )t  are almost 

identical for 
s   if the maximum dimensionless acceleration and maximum angle-of-attack 

are constant, namely: 

 

2
2

2

1 12

max

const.
4 2

c c
k

U U

 
 

 

 
= = = 

 
 (6) 

and  

 max 0 1 const.   + =  (7) 

irrespective of the individual parameter values. This concept can be extended to cases with 

active flow control, shown with respect to a NACA 0012 airfoil, with and without open-loop 

(continuous) zero-mass-flux flow control, where the dimensionless accelerations are 

comparable 2

1( 0.1125k =   and 0.10 )  and max 17 =   (see Figure 18). It is evident that the 

close correspondence between the post-stall angle-of-attack profiles results in comparable 

aerodynamic coefficient time histories. The relatively small differences are likely due to either 

small differences in 2

1k , pre-stall unsteady potential flow effects, or hysteresis effects when 

the airfoil pitches to negative angles-of-attack.  Of importance in terms of dynamic stall control, 

is that the differences between the baseline cases and the control cases are comparable. Thus, 
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just like the matched pitchrate concept reduces the baseline dynamic stall parameter space, its 

utility can be extended to problems involving active flow control. 

 

Figure 18. Illustration of the matched pitchrate hypothesis using a NACA 0012 airfoil pitching 

at ( ) 12 5 sin ( / 2)t t  =  +  −  with 0.15k =  2

1( 0.1125 )k =  ; and 

( ) 7 10 sin ( )t t  =  +  −  with 0.1k =  
2

1( 0.1 )k =  .  

 

The matched pitchrate concept can be extended to include variation in the freestream 

velocity or inflow ( )U t , often referred to as surging, by following similar reasoning. Here, we 

consider the special case where the angle-of-attack [equation (1)] and velocity oscillations occur 

at the same frequency, with an arbitrary phase difference (Δ )  between them, namely: 

 ( ) Δ sin ( Δ )U t U U t   = + +  (8) 

which is a common scenario on rotorcraft and wind turbine blades. Then, in addition to the 

conditions of equations (6) and (7) above, matched inflow requires that the velocity 

corresponding to the angle-of-attack range between s  and max  is also matched. Note, 

however, that when the freestream is not constant, the conventional reduced frequency is not 

uniquely defined, and therefore we define the nominal reduced frequency based on the cycle-

averaged freestream velocity: 
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and the instantaneous (or phase-dependent) reduced frequency: 

 ( )
2 ( )

i

c
k
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




  (10) 

Owing to the fact that the freestream velocity is varying, we now modify equation (6) slightly 

as follows: 
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where the inflow velocity ( )U 
 corresponds to phase angle at 

max( ) / 2s + . Two examples 

of measured angle-of-attack and freestream velocity (see Table 1) are shown in Figure 19, where 

max  corresponds to either accelerating or decelerating flow [162]. The corresponding phase-

averaged lift and moment coefficients for two airfoils, namely: 
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are plotted in Figure 20 as a function of time in the dynamic stall region. The lift and moment 

coefficient correspondence for both airfoils in the post-stall regime is excellent. Pressure 

coefficient distributions, shown in [162], reveal that the essential dynamic stall mechanisms are 

unaffected. For example, the relatively small S809 airfoil leading-edge radius produces a higher 

suction peak with earlier shedding of the dynamic stall vortex, while the NACA 0018 exhibits 

trailing-edge stall, followed by generation of a leading-edge vortex.  
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Figure 19. Illustrations of the extension of the matched pitchrate concept, to also account for 

matched inflow. 

 

Under conditions of deep dynamic stall ( 15 )s = +  , that results in large-scale 

separation, completely neglecting inflow variations of 50% amplitude results in only small 

differences to 
lC  and 

mC  [42]. However, under moderate stall ( 5 )s = +  , neglecting inflow 

velocity results in material 
lC  and 

mC  differences, because boundary-layer transition history 

effects are not accounted for [42]. It is conceivable that at sufficiently high minimum Reynolds 

numbers 6

min 10Re  , surging effects may be significantly reduced. 

Table 1. Combined matched pitchrate and matched inflow velocity cases for 
max18    

corresponding to the conditions in Figure 19. 

test case pitching motion Reynolds number f  (Hz) 
nk  

A1 0 25 sin( ) =  +   53 10 [1 0.5sin ( 90 )]Re =  + −   0.81 0.066 

A2 12.5 12.5 sin( ) =  +   52.65 10 [1 0.38sin ( 70 )]Re =  + −   1.17 0.11 

C1 0 25 sin( ) =  +   53 10 [1 0.5sin ( 270 )]Re =  + −   0.81 0.066 

C2 12.5 12.5 sin( ) =  +   53.35 10 [1 0.3sin ( 250 )]Re =  + −   1.17 0.086 
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Figure 20. Sample results for lift and moment coefficients, illustrating the validity of the 

combined matched pitchrate and matched inflow concepts. 

 

3.6.2 The Pitch-Plunge Equivalence 

Experimental evaluation of dynamic stall due to pitching motion is practically easier to realize 

than that due to plunging motion, due to the resultant large mechanical loads that result from 

translating, rather than rotating, an airfoil or wing. We would like to confidently assume that a 

control strategy that is successful under pitching will also be successful under plunging. In the 

study of high Reynolds number problems, with nominally attached boundary layers, [163] used 

unsteady potential flow theory to develop the well-known pitch-plunge equivalence. This means 

that the loads experienced by pitching and plunging airfoils can be rendered equivalent under 

the same angle-of-attack excursions by judicious selection of the pitch-axis px . Visbal and 

Garmann [164] adapted and simplified this equivalence for dynamic stall problems, based on 

the determination that for a given pitch amplitude, an equivalent plunge amplitude can be 

determined such that the angles-of-attack match geometrically. The advantage of this 

simplification is that the concepts can easily be extended to commonly encountered swept wings 

and blades [165]. Using time-implicit high-fidelity large-eddy simulation (LES, see section 
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3.11), they demonstrated this equivalence on a finite wing with a NACA 0012 profile and an 

aspect ratio of 4, undergoing pure pitching motion according to: 

 
0 1( ) [1 cos( )]t t    = + −  (14) 

[Note the slightly different definitions, when compared to equation (1)]. Independently, the 

same wing is subjected to pure plunging motion such that its angle-of-attack is equal to the 

geometric angle-of-attack ( )t  of the pitching motion. Hence, for plunging motion prescribed 

by:  

 
0( ) sin( )h t h t=  (15) 

the angles-of-attack are matched when 
0 1( / 2) tan( ) / 2h c k= . With direct matching of the 

geometric angles, the correspondence of the aerodynamic coefficients is reasonable as shown 

in Figure 21. Next, [164] employed quasi-steady thin airfoil theory to account for motion-

induced variations in angle-of-attack along the chord associated with pitching. This manifests 

as apparent positive or negative camber, which is a function of  , during pitch-up and pitch-

down motions, respectively. Using thin airfoil theory for a cambered airfoil, it was shown that 

the apparent camber effects are accounted for by the correction terms: 

 
,cam

3
cos

4

L
L p

s

dC
C x

d
  



   
= − −  

  
 (16) 

and 

 ,cam cos
8

MC


  = −  (17) 

which are subtracted from the original pitching results and shown in Figure 21. This simple 

correction significantly increases the correspondence with the plunging results. 

Notably, the dynamic stall mechanism was not materially affected along the entire span 

of the wing. Similar results were observed on swept finite-wings [165], where steady thin-airfoil 

theory was extended to again produce excellent LC  and MC  correspondence between pitching 

and plunging. Of significance from a control viewpoint, is that we can assume that control 

techniques that are effective under pitching motions, will also be effective under equivalent 

plunging motions. These results can be leveraged to assess the effects of active flow control 

techniques discussed above to flapping wing aircraft like ornithopters, where the onset of 

dynamic stall is associated with reduction of lift and propulsive efficacy [13] (see section 

3.10.1). 
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Figure 21. NACA 0012 wind of aspect ratio 4 undergoing independent pitching and plunging 

motions at matched angles-of-attack 0 1( ( / 2) tan( ) / 2 )h c k=  showing the effect of rotation-

induced apparent camber on lift and ¼-chord pitching moments [164]. Results reproduced with 

permission. 

3.7 Scheduled Control 

In simple scheduled control, actuator input is varied according to some external variable or 

operating condition, such as angle-of-attack, wind speed or an externally-imposed frequency. 

In this section we merely use it as a vehicle to describe various applications of externally 

imposed periodic separation and attachment. This is most easily demonstrated on a pitching 

airfoil, where leading-edge perturbations are initiated and terminated at predetermined pitch-up 

stall and pitch-down reattachment angles, respectively [149]. It can also be applied on the aft 

part of an airfoil or at the shoulder of a deflected flap, with the objective of increasing lift 

excursions [166]. In this application, the flow is forced to dynamically separate and attach from 

the surface at predetermined angles-of-attack as shown in Figure 22. In contrast to airfoil 

leading-edge perturbations, the times-scales governing separation and reattachment scale with 

the flap-length and this increases the pitching/excitation frequency disparity, namely 

( / )( / ) 138fF k c L + = , as discussed in section 3.5.2.  



42 

   

Figure 22. NACA 0015 airfoil dynamic pitching at ( ) 10 5 sin ( )t t =  +  , 0.1k = and 

53.0 10Re =   with 20f =  and flap-shoulder forcing. Scheduled initiation and termination of 

forcing (intermittent forcing) at / 1.1p fF f L U+ = =  and 2%C =  ( / )( / ) 138fF k c L + = .  

The attachment time is usually expressed in terms of the convection time, namely 

att att / pT U X   and varies widely att(2 10)   depending upon the perturbation amplitude 

and frequency [27,26]. The time-scales governing boundary layer separation following 

cessation of perturbations sepT  are 
1

sep sep / (10 )T U X = =  [27,3]. The timescales sepT  and 

attT are important for estimating the actuation bandwidth sep att1/ ( )cf T T + , which inform the 

plant models for feedforward and feedback control, discussed in section 3.9.2. In the sections 

below, selected examples of scheduled control are shown, with potential application to 

rotorcraft wind wind energy, and the control of streamwise vortices and turbulent mixing. 

3.7.1 Unsteady Coandă Effect 

Ghee and Leishmann [167] demonstrated the potential of periodic separation and attachment 

on a circular cylinder using the Coandă effect. By harmonically varying the momentum 

coefficient, peak lift coefficients significantly exceeded corresponding steady values and 

average drag was reduced substantially. For example, lift coefficient excursions increased by a 

factor of 2.6 at  0.542k = , and average drag was approximately halved at 0.069k = . While 

this research was aimed at rotorcraft applications, it can be extended to substantially increase 

the net power output of energy harvesters that otherwise rely on vortex-induced vibrations 
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(VIV) [168-170]. Conventional VIV energy harvesters are self-regulating and lock-in occurs 

over a relatively narrow frequency range close to the natural frequency of the system [171-173]. 

In contrast, periodic separation and attachment can be imposed at frequencies unrelated to 

vortex shedding, but that are close to the system’s natural frequency [141,174]. By introducing 

alternate period slot blowing on opposite sides of a cylinder [175-178], at 0.04C  , almost 

four times greater net power output, and more than seven times greater bandwidth, can 

potentially be obtained, relative to conventional VIV energy harvesters.  

 

Figure 23. Lift coefficient amplitude as a function of jet blowing frequency, expressed as a 

Strouhal number : dashed line and open symbols – cylinder with endplate; solid line and filled 

symbols – free end cylinder: 
45 10Re =  . 

3.7.2 Vertical Axis Wind Turbines 

It was shown in section 3.2, that the management of dynamic stall is a critical factor in the 

performance of high-solidity vertical axis wind turbines. It therefore comes as no surprise that 

control of dynamic stall increases turbine performance [106,179]. The performance of a model 

VAWT with and without (baseline) continuously-operated DBD plasma actuators mounted on 

the blade leading-edges is shown in Figure 24, together with example flowfield measurements 

at 120 =  . At 1.74 = , when the baseline turbine is unloaded, perturbations suppress the 

growth of the LEV, but the AV is larger and stronger. A similar conclusion can be drawn when 

the turbine is under an intermediate load at 1.56 = , where the changes to the power coefficient 

resulting from actuations are comparable.  Under the maximum load (peak power coefficient) 

at 1.37 = , surprisingly, neither vortex is eliminated; rather, both are smaller with higher levels 

of vorticity, as confirmed by consideration of the Okubo-Weiss parameter [106]. The increases 

fpD/U

Cl0
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in turbine power shown in Figure 24 are relatively small, because (i) actuation was introduced, 

(ii) the turbine speed increased under constant load, and (iii) the load was increased to return 

the turbine to its baseline speed (but with higher torque). When separate gradual loading 

experiments were for baseline and controlled experiments individually [179], far larger power 

output gains were observed—more than 30% increase—indicating a strong sensitivity to initial 

conditions. 

    

Figure 24. VAWT performance chart and corresponding flowfield based on PIV measurements 

for baseline and AC-DBD plasma actuation [106,179].  

 

Although the gross turbine power output increased by more than 30% due to actuation, 

the power input to drive the continuously-operated actuators exceeded the power gained by the 

turbine. To address this, systematic scheduled control was implemented by initiating and 

terminating perturbations at predetermined angles, i  and t , relative to the flow direction 

shown in Figure 25 (left) [180]. Turbine rational speed was measured under constant load for 

the ranges 0 80i     and 20 180t    ; hence changes in turbine power P  .  

When perturbations were introduced at 40 70i    , there was always a positive result, with 

saturation at 110t   , termination at 110t    merely increased input power without an 

increase in turbine power. Furthermore, for actuation at 70i   , the control authority 

decreased, and therefore no additional turbine power was produced outside of the range 

70 110    . When actuation was limited to this range, a net power output in( ) /P P P −  of 
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10% was realized. This azimuthal range corresponds to the approximate angle-of-attack range 

27 40     and it is interesting that positive effects are observed when perturbations are 

applied at angles significantly larger than the static stall angle 12s =  . It is likely that the rapid 

pitch up delays separation, and actuation is only required during the formation of the LEV. 

 Scheduled control was merely employed here for proof-of-concept purposes. Closed-

loop control, based on adaptation of stall warning sensing, as described in section 3.9.1, can 

easily be incorporated into the present application.  

 

Figure 25. Effect of azimuthal initiation and termination angles on turbine rotation speed under 

constant load. Plasma burst modulation 500 Hzpf =  ( 4.2)F +  , duty cycle d.c. = 20%, and 

7.0 m/sU = .  Sample standard deviation bar shown for 95% confidence interval [180]. 

 

3.7.3 Trailing Vortex Control 

It was shown at the beginning of this section, that separation from, and attachment to, a flap 

brings about periodic (or cyclic) changes to its bound circulation  . When applied on finite 

flaps, local cyclic changes in bound circulation affect the shed vorticity (or vortex sheet 

strength) ( , ) /y t y     and hence the trailing vortices, based on modifications to Betz’s 

vortex rollup relations [181]. The periodic separation from, and attachment to, a flap can be 

exploited to dynamically perturb trailing vortices, discussed in this section, or enhancement 

turbulent mixing described in 3.7.4, below. 

The desire to control trailing vortices has wide application on fixed and rotary wing 

aircraft. For example, on fixed wing aircraft, the vortices generated by large airliners can pose 

a serious safety risk to smaller aircraft that follow in close proximity [182,183]. This has 

motivated many attempts to destroy or dissipate the vortices—for example by “turbulence 

injection” into the vortex core—or directly excite vortex instabilities by periodically displacing 
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them (see references in [181]). On helicopters, a major source of noise is due to blade-vortex 

interaction (BVI), where the blade tip vortices interact with the following blades—producing 

large unsteady pressure fluctuations—during descent, slow flight, and maneuvering [184]. 

Methods for reducing BVI noise reduction focus on influencing the vortex structures and their 

trajectories, and include variations in tip design, higher-harmonic pitch control (HHC) and 

individual blade control (IBC) and active flaps [184,185]. 

       

Figure 26 Non-dimensional streamwise velocity /U U
 above a deflected tip flap ( 20 )F = 

center-span at 0.78F + =  and 0.011%C = , based on 2D PIV measurements, with pulse-

modulation corresponding to / 24F +
 ( / 8).c =  Pulse-modulation initiation at 0 =  , 

termination at 180 =  . 

 

In contrast to the above techniques, dynamic separation and attachment can exert large 

control authority over the structure and trajectories of the vortices, either by amplitude ( )C  or 

frequency ( )F +  modulation. Figure 26 shows PIV measurements of the cyclic separation and 

attachment of flow over the midspan of tip-flap deflected at 20 ,f =  where the high-frequency 

control input / 0.78p fF f L U+

 =  is pulse-modulated at / 24F +
, corresponding to a 

wavelength  / 8c = . Pulse-modulation is applied with a 50% duty cycle, initiated at  0 =   

and terminated at 180 =  . At 36 =   the upstream part of the flap is partially attached and 

clockwise dynamic stall vortex is shed downstream of the trailing-edge, and at 72 =   the flap 

flow is mainly attached, i.e., att / 5fT U L  . The separation process, as expected, is much 

slower with full shear layer separation not fully realized by the end of the cycle, i.e., 

=0 36 72 108 144

180 216 252 288 234
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sep / 12fT U L  . On inboard flaps, lateral displacement of vortices can be estimated using 

Betz’s rollup relations as modified by Donaldson [181].  

 

Figure 27. Axial flow /xU U
 in wake aft of the wingtip, from stereoscopic PIV measurements, 

corresponding to the cyclic flap separation and attachment shown in Figure 26. 

 

The axial vorticity distribution in the trailing vortex in cylindrical coordinates ( , , )x r   

shown in Figure 27, depends on the nature of the shear layer—between fully attached and fully 

separated—that is entrained into the vortex. In particular, the axial flow can jet-like 

( / 1)xU U   or wake-like ( / 1)xU U  , because it depends on both the time-dependent 

azimuthal velocity distribution ( , )V r t  and frictional (head) losses Δ ( )H t  [186]. Under quasi-

steady conditions, this can be expressed as: 

 
2 2

2 2 2 2

0

  frictionallossespressure drop
    in the vortex in the vortex

1 1 2Δ
1xU V H

dr
U U r r U





  


= + −

  (18) 

and we can identify two mechanisms that drive the axial flow magnitude and sign [187]. The 

right-hand side of equation (18), shows that a separated flap flow results in a diffuse vortex and 
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hence a small pressure drop from first term, with large viscous/turbulent losses in the second 

term, thereby producing a wake-like axial flow. In contrast, for attached flow, the azimuthal 

velocity gradients are large, resulting in a large first term and a small second term, thereby 

producing a jet-like flow. In the cyclic dynamic case, initiation of perturbations produces a 

spanwise starting vortex that is entrained into the tailing vortex, and this produces large vertical 

deflections of the vortex centroid—namely 5.2% of chord, versus 0.9% for the quasi-steady 

case—and indicates apparent “buckling” of the vortex (not show, see [28]). 

When applied to a problem of aerodynamic relevance, the existence of a separated or 

partially separated shear layer will generally result in aerodynamic performance losses. For 

purposes of practical implementation, a central consideration will relate to the toleration of a 

temporary aerodynamic performance loss for the purpose of achieving a secondary objective, 

for example, wake excitation or noise reduction. 

3.7.4 Turbulent Mixing Enhancement 

In turbulent flows, large-scale coherent vortical structures are primarily responsible for 

transporting momentum, energy, and scalar quantities (like temperature or concentration) across 

large regions of the flow [188-190]. While molecular-level mixing ultimately occurs at the 

smallest (dissipative) scales, it is the large-scale structures that initiate and sustain mixing, by 

stretching and folding fluid parcels to create sharp gradients that the smaller-scale turbulence 

can then act upon. 

We noted in section 3.7.3, that both spanwise and streamwise vortices can be generated 

by cyclic separation and attachment on finite-span flaps. Here, we illustrate an example of 

mixing enhancement within a circular jet-flow of velocity 0U , whose perimeter is equipped 

with deflected flaplets as shown in Figure 28 (top left) [191], where the slot-jet velocity varies 

according to ,max sin 2j j pU U f t= . This is characterized as low-frequency forcing, because the 

perturbation time-scale corresponds to the dynamic separation-and-attachment time-scale. 

Following the analyses of [190], mixing rate augmentation due to streamwise vortices is 

expressed as: 

 
2/3 1/3

0( / )

t

f f

DM

x U



 

 
   

 (19) 

where   is the shed circulation in the plane perpendicular to the jet axis, tD  is the turbulent 

diffusion coefficient, and f  is the distance between the flaplets. When we introduce cyclic 
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disturbances at the flap slots, the shed circulation is dependent on the control parameters, as 

follows:  

 | ( , , ) |x f

A

F C dA   +=   (20) 

where 30f =   is the flap deflection angle. On the basis of stereoscopic PIV measurements, 

the relative change in mixing augmentation was quantified as: 

 
( , , ) ( )

( )
( )

b

b

M x F C M x
M x

M x




+ −
=  (21) 

where 
bM  is the baseline flow, i.e., without flow control.  

 

 

Figure 28. Left-top: Turbulent mixing enhancement experimental setup. Top-right: Phase-

averaged normalized streamwise velocity and streamwise vorticity at illustrative phases for   

/ 1x D =   with 6 flaplet slots active ( / 6)f D = . Bottom-right: Corresponding passage of 

spanwise coherent structures. Bottom-Left: Mixing augmentation as a function of downstream 

direction relative to the baseline, see equation (21), for 3-flaplet and 6-flaplet configurations 

( / 3f D =  and / 6f D = , respectively). 
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Figure 28 (bottom-left) shows the effect of reduced frequency on mixing augmentation at 

two selected phases in the cycle. The greatest overall effects are observed at the lower reduced 

frequencies 0.05F + =  and 0.1, and these frequencies correspond to cyclical separation and 

attachment of the jet flow to the flaplets. Selected representative phases of 272° and 317° are 

shown in Figure 28.  At 272°, the flow is attached to the flap as can be seen by the strong radial 

outflow from the perimeter of the jet and this results in slight reductions in the jet core velocity. 

At 317°, local spanwise vortices are entrained into the jet increasing the core velocity by 

approximately 20%. In terms of axial vorticity, one would expect a vortex pair associated with 

each flaplet, but it is in fact twice this number. 

3.8 Iterative Learning Control 

The cyclic—and therefore repetitive—nature of dynamic stall on helicopter and wind turbines, 

as well as flapping wing flyers, makes it an ideal candidate for iterative learning control (ILC). 

Indeed, various forms of ILC are routinely used for helicopter wind turbine applications 

[192,193]. Two advantages are that disturbance and plant models (see section 3.9.2) are not 

required and that non-linear responses to the control inputs can be relatively easily accounted 

for. For blades, the objective is typically to minimize oscillatory loads throughout the cycle—

for example ,excnC  or ,minmC  (see section 3.2), or to attain a predetermined load phase-

dependence. Here, each rotation of the blades is considered to be an iteration, where loads are 

measured or estimated by a sensor or several sensors. After each iteration, the difference (error) 

between the desired and measured phase-dependent loads are calculated and the dynamic stall 

control phase-dependent input is based on the error from previous iterations. 

By way of example, we will focus our attention on idealized HAWT dynamic stall 

control using leading-edge slot blowing over some fraction of the blade span described by [21]. 

This approach falls under the general heading of “smart rotor control,” which aims to 

dynamically minimize unsteady loads [194]. As discussed in section 3.5.1, slot blowing has a 

large control authority that can both suppress (or eliminate) and induce separation—and 

therefore dynamic stall—with no moving mechanical parts. In the examples presented here, the 

objective is to use low-frequency (on the order of the pitching cycle) slot blowing to maintain 

static lift-force set points under synchronous variations in angle-of-attack and freestream 

velocity. The motivation is clearly minimization of flapping-mode loads [98]. 

A quasi-static lookup table of the form ,qs ,qs ( , )l lC C C=  was generated for the range 

5 35−     , and 16 jet velocities corresponding to 0.5% 6.5%C  , and the derivatives 
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,qs /lC C   were calculated (see section 3.5.1). For the initial iteration ( 1)k = ,   

,1 sp( ) ( )C f L  =  was obtained from the lookup table using linear interpolation. The lift per unit 

meter 
1( )L   was measured by integrating the surface pressures and the first iteration error was 

calculated, namely 1 1 spΔ ( ) ( )L L L = − . The momentum coefficient correction term was then 

calculated from the lookup table and hence the correction terms ,1 1Δ ( ) Δ ( )GC L   = −  were 

calculated, where 
1

,qs[ ( ) / ( )]G lC C   −=    is the learning gain. Subsequent iterations were 

performed according to: 

 , 1 ,( ) ( ) [Δ ( )]k k G kC C L    + = +  (22) 

Specifically, the objective is to maintain constant lift per unit span, i.e., a constant 

setpoint spL , under synchronous angle-of-attack:  

 0 1( ) sin( )     = + +  (23) 

and freestream: 

 ( ) [1 0.2sin ]U U  = +  (24) 

variations, for antiphase ( 180 ) =   and in-phase ( 0 ) =   cases. The former ( 180 ) =   

represents a HAWT in yawed flow [52-54]; and the latter ( 0 ) =   is representative of a strong 

periodic gust, or the pitching of a FHAWT normal to the disk plane [55-57] (see Figure 3 in 

section 2.2).  

Phase-averaged results for sp 30 N/mL =  and 60 N/m with 180 =   are shown in 

Figure 29, together with the baseline L  and the effect of steady (constant) blowing. It is clear 

from the baseline lift loops that the dynamic pressure q , which varies by a factor of 2.25, has 

a greater effect than the angle-of-attack oscillation, with the maximum lift occurring at min . 

This can also be seen when steady blowing suppresses dynamic stall, resulting in a negative lift 

slope /L   . Another factor, generally not appreciated, is that baseline lift change due to 

attachment near min  is approximately twice that associated with the shedding of the LEV. 

Relatively few studies focus on the attachment phenomenon [76-79], even though from the 

point of view of unsteady loading, it can be at least as important as dynamic separation. 
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Figure 29. Phase-averaged dimensional aerodynamic loads under anti-phase harmonic pitching 

and surging: ( ) 18 7 sin( )   =  +  +  and 5( ) 3 10 [1 0.2sin ]cRe  =  +  at 0.06nk = , 

illustrating the results of ILC for lift control. 

 

The counteracting effects of   and q
 facilitate a large control authority as shown by 

the attainment of the two setpoints in Figure 29. At the higher setpoint, which lies entirely above 

the baseline excursions, dynamic stall is always suppressed to some degree. Moreover, 

disproportionally higher slot momentum is demanded near 
max , due to the reduction in 

/lC C   at high values of C  (see Figure 10 in section 3.5.1) . At the lower setpoint, which 

lies both above and below the baseline lift, both the promotion and suppression of dynamic stall 

are required depending upon the phase angle of the cycle. The reduction in lift excursions brings 

about significant reduction in moment excursions as well. For sp 60 N/mL =  the excursions are 

virtually eliminated, and for sp 30 N/mL =  the excursions are reduced by more than a factor of 

3. The difference is likely due to the fact that separation is eliminated or suppressed throughout 

the cycle at the higher set point. Moreover, negative damping associated with the baseline case 

(see section 3.2) is eliminated under both constant blowing and ILC cases. In principle, it is 

possible to eliminate moment excursions, by simply replacing the setpoint spL  with spM , but 

this may come at the cost of larger lift excursions. For both setpoints, no minimum error or 

convergence criterion was enforced, although after approximately 10 iterations the average 

error, defined as: 
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saturated. 

Phase-averaged results for sp 40 N/mL =  with 0 =   are shown in Figure 29, together 

with the baseline L  and two constant jet velocities. The baseline results show that the in-phase 

variation of  and q
 produced excessively large lift excursions, between 6 and 71 N/m, 

although instantaneous values were even larger, between ~0 to ~100 N/m. Steady blowing at 

40 m/sjU =   and 17 m/s are also shown, because they furnish an indication of the minimum 

and maximum achievable values of L. At 
min s   , blowing with 40 m/sjU =  relies on a 

combination of aft separation and circulation control ( 9.5%,C =  1.7)lC   to attain 40 N/m. 

Conversely, at 
max , 17 m/sjU = , is required to induce separation and produce the lowest 

possible lift ( 0.8%,C =  0.8)lC  . These steady results define the control authority and 

bracket the attainable setpoint attainable by ILC. In contrast to 180 =   shown in Figure 29, 

the pitching moment excursions are only reduced by about one-half, although damping is 

always positive. Attaining constant spM  would therefore likely pose a greater challenge, and 

because 
mC  is less sensitive to changes in C  than 

lC , a substantial reduction in moment 

excursions may come at the price of large lift excursions. 

Further evaluations of ILC were performed for the reduced pitchrate range 

0.01 0.09k   and the dynamic setpoint ,sp ( ) 2 ( Δ sin )lC     = +  (lift coefficient along the 

symmetric thin airfoil theoretical slope), and details on these cases, and additional information 

on the method and results, can be found in [21] and [81]. 



54 

 

Figure 30. Phase-averaged dimensional aerodynamic loads under in-phase harmonic pitching 

and surging ( ) 18 7 sin  =  +   and 5( ) 3 10 [1 0.2sin ]cRe  =  +  at 0.06nk = , illustrating 

the results of ILC for lift control. 

 

It is the opinion of this author that load control via leading-edge slot blowing is 

preferable to other mechanical, fluidic and plasma-based methods [195,196]. Mechanical 

methods, such as flaps, Gurney flaps (or micro-tabs), or trailing-edge morphing, may suffer 

from reliability problems, particularly under the harsh conditions experienced by HAWT 

blades. Moreover, the compensation for overloads typically occurs when angles-of-attack are 

high, where flaps are ineffective due to trailing edge separation (cf. the barn-door syndrome). 

A similar conclusion can be drawn with regard to trailing-edge blowing, based on the Coandă 

effect. Regarding high-frequency zero mass-flux blowing or DBD plasma actuation, as a 

general rule, these methods only increase loads by suppressing or eliminating dynamic stall, 

and cannot induce it. Hence, the absence of a load reduction mechanism renders them 

impractical. For field or ocean applications, load estimation by integrating surface pressures is 

not practical, although sensing based on current health-management systems, together with 

modeling the blade aeroelasticity, could by employed [197]. 

3.9 Closed-Loop Control 

Closed-loop control approaches of dynamic stall depend to a large degree on the specific 

objectives and usually involve some form of lift or moment control. A limitation of leading-

edge actuators that aim to control reduce or eliminate stall—but not induce dynamic stall as 
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described in [21]—is that they are only capable of increasing post-stall lift and minimum 

pitching moments. Thus the greatest lift-based control authority can only be achieved when the 

reference value is greater than the largest uncontrolled value [198], and this may suffice for 

many applications. For small air vehicles exposed to gusts, the main challenges involve the 

selection of a control architecture, the development of disturbance and plant models, the 

implementation of effective sensing, and the development of surrogate load measurements 

[199-203]. Below we describe simple on-off control, merely aimed at eliminating or reducing 

the negative effects of dynamic stall (section 3.9.1) and popular feedforward/feedback 

approaches for load control aimed at small air vehicles (3.9.2). 

3.9.1 On-Off Control 

The bandwidth of dynamic stall control depends on the aerodynamic response to disturbances 

and the response to actuation (see section 3.9.2). It is useful, therefore, to anticipate dynamic 

stall based on surrogate sensors, and then initiate actuation at, or just prior to, the onset of stall. 

This was achieved by [204] using discrete pulsed-jets, with sensing based on the large negative 

suction peak pressure peak near the leading-edge, together with an ad-hoc second-order model. 

A different approach is based on sensing upper surface pressure oscillation amplitudes near the 

leading-edge ( / 8%)x c =  resulting from low-amplitude AC-DBD plasma leading-edge 

perturbations [206]. The perturbations are amplified at incipient stall, and when some bandpass 

filtered threshold is exceeded, the actuators switched to high-amplitude separation control 

mode. This method relies on the fact that DBD plasma actuators rely on an excitation 

mechanism—as opposed to direct forcing (see section 3.5.2)—and must exceed some threshold 

to effect control, while further increases in actuator amplitude have very little effect. An 

alternative method employed flush-mounted microphones close to the trailing edge on the upper 

surface of an airfoil [116]. Based on analysis of the acoustic signals using bandwidth-limited 

power spectral densities (PSDs) from multiple datasets and angles-of-attack, the increase in the 

total PSDs were correlated with flow separation. 

It has long been known that pressure just below the leading-edge is very sensitive to 

changes in angle-of-attack, and measurement of the pressure is used as the basis of many stall-

warning systems [207]. Most commonly, the low-pressure region draws air through a reed, 

producing an audible warning to the pilot. This stall warning sensor was adapted for dynamic 

stall control, by using zero pressure crossings to either initiate or terminate leading-edge pulsed-

AC-DBD plasma perturbations, under both harmonic pitching and pitch-and-hold motions [22]. 

To evaluate efficacy, open-loop (continuously activated) and closed-loop control results were 
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compared; an example is shown for harmonic pitching at 15 5 sin t = +  , a 0.01k =  and 

0.1, in Figure 31. Generally, the correspondence was excellent, and the small difference near 

the static stall angle during the pitch-up motion at 0.01k =  was related to the sensor (pressure 

port) location. At 0.1k =  (and 0.05k = , not shown), this difference disappeared due to the 

delayed response of the boundary layer separation. Although closed-loop pulsations are 

terminated at angles-of-attack that are larger than the static stall angle, (e.g., for 0.1k = ), the 

lift and drag coefficients are virtually identical to those obtained with open-loop control. This 

is because separation occurs over approximately 10 convective time units sep / 10T U c   [27], 

which is comparable to the downstroke ½-cycle i.e., 
1/2 / / 2 16T U c k = = , but the 

dimensionless time between termination and pressure zero-crossing is much smaller than that, 

namely 2.7. This time-scale disparity increases with increasing pitching frequency and therefore 

acts as a welcome built-in compensation as k  increases. 

 

 
Figure 31. Phase-averaged baseline, open-loop and closed-loop aerodynamic coefficients and 

leading-edge pressure with 15 =  at 0.01k =  (left) and 0.1k =  (right) [22]. 

 

3.9.2 Feed-Forward and Feedback Control 

Simple on-off control described in section 3.9.1 tells us very little about the state of the flow or 

the loads on the vehicle, and thus feedforward models can be used to anticipate and counteract 

dynamic stall effects. Dynamic stall, however, produces large load amplitudes and phase-shifts 

that are often significantly different to classical theory [44,45], even at low angles-of-attack 

[51,65]. Owing to the fact that Navier-Stokes-based solutions are impractical for control 

schemes, empirical, semi-theoretical, data-driven, and ad-hoc models have been developed. 
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Many of these are described in [27,202,203,205], where their relative advantages and 

disadvantages are discussed. 

 A popular and widely-used model, that is easily integrated into closed-loop control 

schemes, is the Goman-Khrabrov (G-K) model [65], which is well-suited to finite wings and 

trailing-edge staller airfoils. It is a state-space model that employs the internal dynamic variable 

( )X t  to describe the vortex breakdown position, or separation point, while the output equation 

updates the desired aerodynamic coefficients, for example ][ , ( )L LC C X t= . The function 
0X  

nominally represents the static vortex breakdown or separation point location: no breakdown or 

fully attached flow, and apex breakdown or leading-edge separation are represented by 
0 1X =  

and 
0 0,X =  respectively. The model distinguishes between delayed effects that are 

proportional to   and expressed by the argument shift 0 2( )X   − , and load variations not 

dependent on   that are described by a relaxation process, characterized by the time constant 

1 . Thus, the separation point (airfoil) or vortex breakdown position (delta wing) during 

dynamic pitching is described by: 

 1 0 2( )
dX

X X
dt

   + = −  (26) 

where the internal variable 
0 ( )X   is determined from static ( )L LC C =  data (or computation 

results) and the time-constants, 
1  and 

2 are commonly determined by least squares techniques 

from dynamic data. Equation (26) is sometimes referred to as a time-delay and decay (TDD) 

model and serves as a disturbance model in the context of feedback and feedforward control 

[27]. 

 On pitching airfoils or small air vehicles subjected to gusts, a method is required to 

detect the gust, together with a controller to drive the actuators or actuation method. Although 

there are many schemes for achieving this [27], we will focus on the practical and popular 

feedforward/feedback control architecture (see Figure 32), whose objective is to maintain a 

constant (reference) lift force under large-scale disturbance inputs [198]. This architecture 

requires a disturbance model dG  for the unsteady aerodynamic gust response, and a plant model 

pG  that describes the system response to actuation. This approach implicitly assumes that the 

two models dG  and pG  are independent of one another and are linearly superposable to obtain 

a net output response, i.e., p dy y y= + . With dG  and pG  identified, both the feedforward and 

feedback controllers dK  and K  can be designed. 
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Figure 32. Block diagram of a commonly-used feedforward/feedback control architecture for 

gust alleviation [198,27]. 

 

Pure feedforward control was demonstrated using leading-edge slot blowing, described 

in sections 3.5.1 and 3.8, by neglecting the lower feedback loop in Figure 32  [208]. The original 

TDD mode shown in equation (26), was modified to include the effect of steady blowing, to 

either suppress or promote dynamic stall, in the form: 

 1 0 2( , )
dX

X X C
dt

   + = −  (27) 

where the lift coefficient was expressed as: 

 ( , ) ( ) ( , )[1 ( )]lC f C X t g C X t  = + −  (28) 

and the unknown functions were determined from data associated with pre-stall and post-stall 

regions, namely: 
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


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
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respectively. Similarly, a TDD (plant) model was developed for the effect of low-frequency 

periodic blowing—based on the high-frequency form of [209]—on the lift coefficient, namely: 

 3 0 4[ ( )]
dY

Y Y C t
dt

 + = −  (31) 

where 

 0

,max

l

l

C
Y

C




=  (32) 
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The controller used a linearized version of this model for the inverted plant model, and 

simulations showed large (factor of 10) reductions in lift oscillations, consistent with the ILC 

results described in section 3.8. 

Of the many feedback techniques developed [27], we present two examples based on 

the architecture shown in Figure 32, namely: a semicircular wing with pulsed-blowing actuators 

subjected to random wind gusts [198]; and a NACA 0009 airfoil at 57,000cRe =  with synthetic 

jet actuation at / 7.3%x c =  undergoing rapid pitching maneuvers [210]. For the semicircular 

wing, the lift response to longitudinal velocity perturbations, at anticipated frequencies, was 

measured, and the cross spectrum was used to identify the disturbance model. System 

identification was used to measure and correlate the system’s lift response to pseudorandom 

binary signal steps for the plant model [198]. For the airfoil a linearized version of the G-K 

(TDD) model was used for the disturbance model. The feedforward controllers 
dK  were  

constructed from the disturbance models, inverted delay-free plant models 1

pG−  and a low-pass 

filters, expressed as  1

d d p fK G G G−= . 

   

Figure 33. Closed-loop gust-alleviation control for: (right) a semi-circular wing subjected to 

longitudinal velocity oscillations [198]; and (left) a NACA 0009 airfoil subjected to pitch-up 

and pitch-down motion [210]. Images republished with permission. 

 

The wing was subjected to wind gusts in the form of pseudorandom velocity variations, 

and the controller is commanded to maintain a constant reference lift, above the maximum 

uncontrolled value (Figure 33, left). Phase averaged uncontrolled and controlled experimental 

data are shown together with simulation results, that used the measured velocity variations as 

input to the disturbance model. The controlled lift approximates the reference, and the peak-to-
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peak oscillations reduce by a factor of more than two. The close correspondence between 

simulation and data indicates that the nonlinear unsteady aerodynamics associated with 

longitudinal wind gusts are adequately represented by the linear models, and that linear 

superposition of the response to predicted plan and disturbance lift is suitable for practical 

controllers. 

For the airfoil, the controller is commanded to maintain 1.05lC =  for a rapid pitch-up 

and pitch-down at 0/ .0143c U   =   between 10 =   and 13 (Figure 33, right). The 

steady-state lift coefficient without control is nearly independent of  , but exhibits an 

overshoot and an undershoot during pitch-up and pitch-down motions respectively. The 

overshoot most likely results from a DSV and the undershoot is produced by a LEV that forms 

during the downstroke and then produces a high-pressure non-circulatory on the upper surface 

[22,26]. Actuation terminates during the pitch-up and this may be a limitation of the controller 

amplitude because generally high-frequency perturbations can eliminate the DSV [138]. During 

pitch-down, the controller attempts to compensate for the undershoot but the relative change in 

lC  does not vary considerably. Similar observations were made on a larger aspect ratio wing 

[22]. The physical mechanisms associated with attachment under rapid pitch-down motion must 

be better understood in order to develop effective controllers. 

3.10 Flapping Wing Flyers 

The design of flapping-wing flyers is based heavily on the analysis of biological flyers, i.e., 

insects, birds and bats, that has been elucidated by biologists during the last few decades 

[68,211-217]. The study of biological flyers is complicated by the large variations in wing 

morphology, e.g., planform shape, thickness, aspect ratio, wing loading; wing kinematics, as 

well as flapping amplitudes and frequencies; and—for birds—feather arrangement [213]. Insect 

wings commonly have low aspect ratios and thin-plate-type sections; bird wings can be 

characterized to some degree by airfoil sections characteristics, like mean camber and thickness 

distribution; while bat wings are membranous, with multi-joint bone structures [72]. Propulsive 

flight [13]—typically of birds and insects—and hovering flight [72]—typically of insects and 

hummingbirds—are two fundamentally different problems, and the objectives of dynamic stall 

control differ accordingly. 

Comprehensive and detailed treatises of flapping wing flight are presented in the 

references above. In the discussions below, we only consider leading factors affecting dynamic 

stall and its control. Moreover, we ignore aeroelasticity [68] and wing morphing effects [213], 
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for the sake of simplicity. We will also divide our discussions below into propulsive ornithopters 

flight, that traverse the NAV-MAV range, and hovering flight generally associated with NAVs. 

3.10.1 Propulsive Flight 

In propulsive flight, the flapping motion produces an effective angle-of-attack that results in 

both propulsive and lift force components [13], as shown in Figure 34 (left). When some critical 

frequency is exceeded, the drag forces are overcome and a propulsive thrust T  is produced, 

which is associated with reverse Kármán vortex street. A characteristic Strouhal number is 

defined as: 

 pf

f wf A
St

V
  (33) 

where ff  is the flapping frequency, and 
wA  is wake width. We introduce the subscript “pf—

propulsive flight” to distinguish it from hovering flight and from the conventional Strouhal 

number St  based on the body’s streamwise projected height, e.g. diameter d  in the case of a 

circular cylinder, or sinc   for an airfoil or finite wing. A reduced flapping frequency, similar 

to that for pitching airfoils, is also introduced, namely /f fk f c U  . The utility of the 

characteristic Strouhal number, shown in (33), was illustrated by [218], who determined that 

propulsive efficiency pf /VT P   is maximized when pf0.2 0.4St  . 

 

Figure 34. Left: Schematics illustrating the generation of lift and thrust developed by a flapping 

wing (adapted from [13]). Right: Propulsive efficiency as a function of the peak effective angle-

of-attack 
1

eff 0tan (2 / )fk h c −= , adapted from [13,219]. 
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The wake width is not easily measurable, and it is convenient to use surrogates, like the 

peak-to-peak flapping amplitude fA , which can be approximated as ˆsin( / 2)b  , or the plunge 

amplitude 
0h  (̂  is the dorsoventral stroke angle, see section 3.10.2). Propulsive flight studies 

consider either plunging motion [(equation (15)], or pitching-and-plunging motion 

[combinations of equation (1) and equation (15) with a suitable phase-difference] of airfoils and 

finite wings as shown in Figure 34. From the above definitions, we can therefore distil the 

parameter [13]: 

 0 0
pf2f

f

h h
k St

c A
  (34) 

where 0 / 1/ 2fh A =   for pure two-dimensional plunging motion, / 1/ 4f fh A   for pivoted 

flapping motion, and the maximum effective angle-of-attack 
1

eff 0tan ( / )fk h c −= [13]. During 

propulsive flight, effective angles-of-attack are typically below or close to the static stall angle. 

Of greatest importance from a dynamic stall control viewpoint, is that the maximum thrust and 

peak propulsive efficiency occur at Strouhal numbers close to the dynamic stall boundary, that 

is characterized by the formation of LEVs (see Figure 34). It can be seen that peak efficiency 

occurs at 0 / 0.35fk h c  , corresponding to 
eff 19   , which is clearly greater than the static 

stall angle 
s . This should be contrasted with cruising flight that attains maximum propulsive 

efficiency (range) at maximum aerodynamic efficiency 
max( / )L DC C . Without an external 

passive or active flow control agent, peak flapping propulsive efficiency can be achieved by a 

judicious combination of angle, amplitude, and frequency. For example, for a given Strouhal 

number, the LEVs associated with dynamic stall are minimized by a combination of high fk  

and low 0 /fh c , as opposed to low fk  and high 0 /fh c  [220]. This represents a natural form of 

dynamic stall control by design. 

Bird feathers don’t only constitute the aerodynamic surface that is responsible for lift 

and thrust generation. They also act as flow control devices by deforming (or morphing) and 

are used to delay dynamic stall. For example, the alula—which is small group of moveable 

feathers attached to the bird’s “thumb”—functions as a high lift device; either like a slat, a 

streamwise vortex generator, or a spanwise vortex generator that suppresses dynamic stall at 

high angles-of-attack during landing and maneuvering [213]. Also, during landing and flight in 

high levels of turbulence, the covering feathers on the upper side aft part of the wing tend to 

“pop up,” thereby reducing dynamic stall effects [121]. The wings of ornithopters, generally 
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speaking, are not constructed from feather type material, and surrogates can be used. Leading-

edge active flow control—for example, using DBD plasma actuators, or actively deployed 

VGs—can act as surrogates for the alula, while passively operated upper surface “pop-up” flaps 

can easily be added to existing wings. DBD plasma actuators can also be configured to operate 

on both, or alternating, sides by switching the actuation direction [221]. The dynamic stall pitch-

plunge equivalence discussed in section 3.6.2, suggests that positive results obtained from 

leading-edge DBD plasma actuators on pitching airfoils, can increase propulsive efficiency. 

This approach is particularly advantageous at lower flight Reynolds numbers 5( 10 )Re  , where 

only very small power requirements (i.e., several mW/cm) are required for significant 

aerodynamic benefits [222]. 

3.10.2 Hovering Flight 

Hovering flight kinematics is defined with respect to a stroke-plane   by three primary rotation 

(or oscillation) angles, namely: (i) that within the stroke-plane, denoted ̂ ; (ii) that relative to 

the stroke plane, i.e., the angle-of-attack  ; and (iii) that normal to the stroke-plane, also called 

the dorsoventral angle ̂ . The angle-of-attack switches sign twice within a pitching cycle, to 

ensure positive lift generation during the upstroke and downstroke (forward-and-aft) phases. A 

vast body of literature exists, based on the research of biologists, scientists and engineers, that 

addresses aerodynamic modeling and computation, flight dynamics, stability, and control 

[69,72,73,211-213-220,223-230]. Various types of wing kinematics have been identified, 

including “clap and fling,” “rapid pitch rotation,” and “wake capture,” to explain the 

mechanisms of lift generation [68]. Irrespective, the dominant unsteady aerodynamic 

mechanism of lift generation is the leading-edge vortex (LEV), and its interaction with the 

wingtip vortex (TV) [72]. Regardless of wing morphology, wing kinematics produce unsteady 

vortex-dominated flows and the problem can therefore be simplified and viewed as an 

optimization exercise in unsteady separated flow—or dynamic stall—control. In this respect, 

the wings themselves are the “mechanical actuators” that generate and manipulate the vortical 

structures. In the arguments below, we will show that a unique relationship exists between 

Strouhal numbers associated with insect flight, leading-edge forcing on flat-plate plate airfoils 

and low aspect-ratio flat wings, and vortex shedding. 
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Figure 35. Left. Schematic of the simplified coordinate system for wing kinematics, identifying 

the stroke-plane  , and angle-of-attack   based on a rectangular wing planform. The linear 

non-dimensional stroke-plane amplitude 2 /ah c  is taken as a surrogate for the rotational tip 

displacement R  [68]. Right. Idealized depiction of wing kinematics in the normal hovering 

mode [69]. 

 

For optimization studies it is useful to again consider scaling laws, in the form of 

dimensionless parameters, together with the simplified geometry [68] and wing kinematics [69] 

shown in Figure 35. Here, we will neglect parameters associated with fluid-structure interaction, 

described in [68] for the purposes of a simplified analysis. For hovering flight, we define the 

Strouhal number: 

 hf

tip

(2 )f af h
St

V
  (35) 

based on the stroke amplitude ah , which generally follows a surging-type motion, and must be 

distinguished from pure plunging amplitude. It is common practice to adopt an average tip 

speed based on assumed harmonic motion, namely tip 2 fV f R= , where   is the full-stroke 

(peak-to-peak) flapping amplitude, and R  is the wing semi-span. Thus, the Strouhal number 

based on the average wing-tip velocity is simply: 

 hf

1

2

ah
St

R
   (36) 

The relationship between the insect-Strouhal number in hover and the traditional vortex-

shedding shedding Strouhal number, therefore, is: 

 hf

tip

sin sin

2

f

a

f c c
St St

V h

 
 =  (37) 

under the assumption that the shedding and flapping frequencies are one-and-the-same. Using 

/ 2 ac h  data for small (e.g. gnats, mosquitos and fruit flies [224-226]), intermediate (e.g., 
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honeybee [227,228]) and large (e.g. Hawkmoths and Cicadas [228,229]) flying insects, as well 

as for hummingbirds [230], this Strouhal number falls in the range 0.07 0.16St  . It is of 

more than passing interest that the midpoint of these limits is approximately equal to one half 

of the conventional vortex shedding Strouhal number of ~0.21. The relatively small bracket 

observed here shows that the Reynolds number, which spans the range 2(10 )O  to 4(10 )O , is 

not a leading parameter. This is likely due to the fact that the separation line is fixed at the 

leading-edges, due to the thin wing, and the resulting unsteady, massively separated, turbulent, 

vortical flow is not subject to Reynolds number effects commonly associated with attached 

boundary layers.  

 It is also useful to compare this Strouhal number range with that introduced by leading-

edge forcing—in this case, using DBD plasma actuators—where the forcing Strouhal number 

is rendered as: 

  sin sin
pf c

St F
U

 + +



 =  (38) 

for comparison. Figure 36 shows the dependence of lift coefficient on F +  and St+
 for  both 

flat-plate two-dimensional airfoils and a rectangular flat plate wing of / 1.27RAR R c = , 

where the grey shaded region is the flapping wing range estimated above [231-233]. This figure 

reveals, surprisingly, that the optimum Strouhal number range for forcing is not dependent on 

aspect ratio, at least in the range 1.27RAR =  to . Equally important, the Strouhal number 

range that produces the maximum increases in lift coefficient using active flow control, 

corresponds well with the optimum Strouhal number range for hovering flight. 

 The above observations serve as a strong basis for linking the hovering flight of flapping 

wing flyers, conventional vortex shedding, and active flow control, to a universal Strouhal 

number. 
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Figure 36. Normalized change in lift on a flat-plate airfoil (left) and a flat semi-span wing (right) 

( 1.27)RAR =  with pulse-modulated leading-edge AC-DBD plasma actuation on the basis of 

reduced frequency (top) and Strouhal number (bottom) for 3,000 20,000Re  . Strouhal 

number range corresponding to hovering insect flight show as the shaded region. 

3.11 Computational Predictions 

This section is not intended as review on different numerical schemes; rather it is an attempt to 

identify where the current state-of-the-art stands in terms of validated predictive capability, i.e., 

based on comparison to experiments. Computational approaches depend to a large extent on the 

particular problem as well as on the corresponding Reynolds number range. For example, at 

small MAV or NAV scales typical of insect flight 2 4(10 10 )Re  , where the wings themselves 

are the vortex-generating actuators (see section 2.4), direct numerical simulations are  

performed [234], that can account for morphology, i.e., the external form and structure of the 

body and wings, as well as realistic wing-body kinematics. Mean lift computations based on the 

average loads generated over a complete beat (or flapping) cycle, correspond well with the 

weights of hawkmoths, honeybees, and fruitflies. For ornithopters and conventional MAVs, at 

5(10 )Re O= , it is likely that direct numerical simulations are still not feasible for routine 

computations [235]. 

 At higher Reynolds number associated with wind turbines, helicopters and fixed wing 

applications 5 7(10 10 )Re  , computational methods for dynamic stall control face the dual 

challenge of accurately modelling both the unsteady dynamic stall process as well as the 

actuator’s effect on the flowfield and loads. (In the context of closed-loop control, these are 

often referred to as the plant and disturbance models, respectively, see section 3.9.2). In 
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principle, numerical methods used for dynamic stall predictions on airfoils, fixed-wings and 

rotors can be adapted, or modified, for dynamic stall control. 

The three most common approaches are Unsteady Reynolds-Averaged Navier-Stokes 

(URANS) model equations [18,236], Large Eddy Simulations (LES) [237,238] or some hybrid 

combination of the two [236,239,240]—for example, Detached Eddy Simulation (DES) 

proposed by [241], and its variants. The selection is usually based on desired degree of fidelity 

and available computational resources. LES and DES are both scale-resolving approaches 

whereas URANS only predicts mean flow patterns.  Nevertheless, URANS is still a common 

choice, mainly because computation time is reduced by several orders of magnitude compared 

to LES, but its imposed phase-averaging filters out essential flow details, natural and LSB 

transition are not accurately modelled [242], and model constants are generally tuned for steady 

attached flows [243]. Despite these limitations, some predictions are reasonable [18,236], and 

can perhaps be used for initial design approximations. In the absence of a control input, hybrid 

RANS-LES approaches, like Delayed Detached Eddy Simulations (DDES) [202], generally 

capture separated dynamic stall phenomena more accurately than URANS 

3.11.1 Passive Devices 

As was pointed out in section 3.3, VGs are the most popular passive flow control devices. 

URANS models the effects in a mean sense (i.e., a RANS sense) or it can capture the streamwise 

vortex structures to some degree [244,245]. LES, on the other hand, attempts to resolve the 

instantaneous formation and development of streamwise vortices, as well as their downstream 

interaction, but at significantly increased computational cost compared to RANS [246,247]. 

Under dynamic stall conditions, variable-droop leading-edge computations [248] and combined 

VG-variable-droop computations [248,249] using URANS shows that the LEV can be 

eliminated, potentially making the use of URANS more viable. To date, however, 

computational validations against experimental data for VGs or drooped leading-edges do not 

appear to have been performed. Recently, it was shown computationally, that periodic 

disturbances can be generated, and exploited to excite the the LSB, by means of a two-

dimensional cavity just below the leading-edge, that produces Rossiter Modes [250]. Vortices 

shed from the upstream edge impinge on the downstream edge producing acoustic waves, that 

travel upstream and excite the shear layer. The desired frequency of these self-sustained 

oscillations is determined by the cavity dimensions. 
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3.11.2 Steady and Unsteady Momentum Addition 

The most common active methods are steady and unsteady momentum flux (e.g., steady slot 

blowing and zero or non-zero mass-flux methods) and DBD plasma actuators (e.g., AC-DBD 

and pulsed-DC). Active flow control methods involving steady momentum flux are reasonably 

straightforward to implement computationally by suitable modifications of the geometry and/or 

boundary conditions [251,252]. URANS is capable of qualitatively predicting the effects of 

both low- and high-momentum steady slot blowing under static conditions [242,253]; LES, on 

the other hand, provides both details of the instantaneous large-scale flow dynamics and 

improved correspondence with experimental data [253]. Even though several steady momentum 

addition URANS and LES dynamic stall control computational studies have been performed 

[254], none appears to consider validation against experimental data. URANS predictions of 

unsteady momentum flux addition, i.e., zero mass flux (synthetic jet) actuation forcing, under 

static conditions, produces qualitative correspondence with data [251,255,256]. However, even 

with fully turbulent upstream boundary conditions [257], URANS predictions of synthetic-jet 

separation control reflect only qualitative trends [258]. For both steady and unsteady leading-

edge momentum addition, there is clearly a need for detailed validation against experimental 

data. 

3.11.3 DBD Plasma Actuators 

Modelling of DBD plasma actuators is typically performed by off-line simplified physical 

models and subsequently introduced into computations as a volumetric body force. AC-DBD 

are modelled by solving the Laplace equation for the electric field resulting from the applied 

AC electrode voltages and the Poisson equation for the charge density of the ionized air [259]. 

Alternatively, electro-static and lumped-element circuit models can be used to provide the time-

dependent charge distribution [260,261]. For nanosecond pulsed-DC actuation, semi-theoretical 

modes are generally employed. The model of [262] is based on a power density distribution, 

which is proportional to the gas heating energy divided by the characteristic heating time. The 

gas heating energy is modeled as a product of energy input and energy efficiency, while the 

spatial distribution is obtained by through curve fitting of the emission intensity. The model of 

[263] describes near-wall electric field strengths relative to the actuator, together with electron 

and ion densities, and plasma layer thickness parameters.  

The implementation of the model described by [261] in URANS schemes produced 

reasonable agreement with static separation control, both at the leading-edge of an airfoil as 

well as that with a fully turbulent inflow [260]. However, validation of DBD plasma actuators 
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under dynamic stall does not appear to have been attempted. Small-amplitude perturbations 

have been used as an AC-DBD plasma surrogate. This was done using high-fidelity wall-

resolved LES with high-frequency perturbations 2[ (10 )]F + =  at the leading-edge NACA 

0012 airfoil under dynamic pitching [151]. A follow-up study was performed using the same 

profile and perturbation method on a finite wing of 4AR =  [86]. In both instances, the small 

perturbations introduced at the leading-edge were amplified by the LSB, and this inhibited 

bubble bursting, i.e., the development and shedding of the LEV. The excitation mechanism can 

be considered to act in a quasi-steady manner on the time-varying flowfield due to the large 

disparity between the excitation and pitching time-scales, namely / 800 1F k + =  (see 

section 3.4.2). The finite wing computational results at 50F + =  were consistent with similar 

dynamic stall control experimental data [87], but with a different airfoil shape (NACA 0015) 

and 1AR = . 

A common theme running through passive and active dynamic stall control, is that direct 

validation against experimental data is sorely lacking, even for idealized nominally two-

dimensional harmonic pitching problems. This obviously neglects additional parameters 

relevant to helicopter blades, like unsteady sweep and compressibility, discussed in section 6. 

Much like cases without control [202], Hybrid RANS-LES turbulence models are likely the 

best option for dynamic stall control computations. 
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4 Compressible Flows 

The main driver of compressible dynamic stall research is retreating blade stall (RBS) on 

conventional helicopters rotors, and comprehensive reviews are presented in [1,8,16,19,20]. 

Although high subsonic Mach numbers ( 1)M   [264,265] are experienced on the advancing 

blades, RBS typically occurs in the range 0.3 0.6M   [19]. While maximum lift coefficients 

increase almost linearly with pitchrate, the lift overshoot decreases with Mach number, 

becoming negligible at 0.6M   [19,266]. This transonic regime is different to the conventional 

“cruise problem” on fixed wing aircraft, where relatively large chordwise regions of 

supercritical flow are present on both surfaces at low angles-of-attack [16]. During dynamic 

pitch-up into the post-stall regime, a relatively small supercritical region forms downstream of 

the leading-edge, and with increasing Mach number a shock wave initiates dynamic stall; this 

is the meaning of shock-induced dynamic stall [19]. It is fundamentally different from 

incompressible leading-edge stall bubble bursting and is not characterized by shedding of an 

LEV, although pitch-down divergence occurs at a lower angle-of-attack [19].  Supercritical flow 

and shock-strength depend upon a combination of Mach number, pitchrate and maximum angle-

of-attack. For example, the combination 0.1k =  and 15 10 sin t = +   , can produce 

supercritical flow on airfoils at 0.2M  . 

The focus of all effective passive or active control techniques is the elimination or 

weakening of shock-induced separation. Techniques investigated experimentally are 

summarized in Table 2, and include deformable and drooping leading-edges [267,268], slats 

[269], combined leading-edge extension and VGs [29], steady and pulsed micro-jet blowing 

[135,270-142] and combustion-based actuation [134]. 

 

4.1 Leading-Edge Geometry and Vortex Generators 

Variation of the leading-edge geometry, via leading-edge droop, lowers the local peak Mach 

number and therefore the shock strength, thereby eliminating or weakening shock-induced 

separation [267,267]. This motivated for the study of a “variable droop leading edge” [268] 

which observed a weaker LEV, consistent with a 50% smaller negative peak pitching-moment 

coefficient and a 75% drag reduction. An effect similar to droop was investigated using a 

leading-edge extension (or “glove”), combined with VGs at 10% or 30% of chord [29]. The 

VGs generally tended to increase ,minmC  for all reduced frequencies, except 0.1k = , and when 

combined with the glove, effective light dynamic stall control was achieved up to 0.4M  . 

However, the extension reduced max( / )l dC C  and the zero-lift drag divergence occurred at lower 
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Mach numbers, prompting [29] to recommend the glove for / 0.8r R  . Aerodynamically, a 

compelling case can be made for periodic leading-edge modification (or morphing [272]), 

combined with actively deployed VGs [114,115] (see section 3.4), within the azimuth cycle, 

although technologically this may not be viable at present. 

 

Table 2. Dynamic stall control on airfoils under nominally compressible conditions ( 0.3),M   

and harmonic pitching: 
0 1 sin t   = + . 

 

 

4.2 Steady and Unsteady Momentum Flux 

Zero and non-zero mass flux techniques, observed to be effective under incompressible 

conditions, also show potential in compressible flows. To date, zero mass-flux has not been 

successful in eliminating moment stall, due to the installation of the slot too far downstream 

[271].  

Of all of the active momentum flux methods, surface jet or surface micro-jet blowing, 

either steady or pulsed, downstream of the leading-edge has shown potential for alleviating 

dynamic stall under compressible conditions [135,142]. Microjets, either normal to the surface 

or angled, are known to alleviate shock boundary layer interaction, where mass flowrate is a 

leading control authority parameter [266]. The jets act like small or micro VGs, forming 

horseshoe vortices and downstream counter-rotating vortex pairs between the jet and the 

external stream [273-275]. Sample data for 0.3M =  and 0.5 are shown in Figure 37, for light 

stall under steady blowing, high-frequency blowing ( 0.99)F + =  and scheduled control, i.e., 

blowing initiated and terminated within the pitching cycle (1/rev) [142]. At 0.3M = , both 

steady and high-frequency blowing effectively eliminate moment stall; the latter produces 

reference method airfoil 
0 / 1 () k  M  

,maxΔ lC  ,minΔ mC  main observations 

[267] dynamically 

deformable LE 

NACA 0012 10/10 0.05 0.3 — — elimination of the LEV 

[267,269] leading-edge slat RC(6)-08 10/10 0.05 0.4 — — effective in suppressing DS; not suitable 

to advancing blade 

[268] dynamically drooping 

LE 

VR-12 10/10 0.1 0.3 

0.4 

~ –0.3 

 ~ –0.25 

~ 0.12 

~ 0.16 

LEV strength significantly reduced 

[29] leading-edge 

modification + VGs 

VR-7 10/10 0.025-0.1 0.3 0.3 to 0.15 0.08 to –0.4 positive effect weakens with k increases 

VR-7 10/5 0.05-0.1 0.4 — ~0.1 Combined leading edge modification and 

VGs alleviated pitching moments, but not 

independently 

VR-7 8/10 0.1 0.4 –0.1 ~0 

[142]) pulsed blowing from 

orifices at 10% chord 

OA209 13/4 

13/7 

0.1 

0.1 

0.3 

0.3 

~0 

~0 

0.19 

0.10 

Suppression of light stall with constant 

blowing. Amelioration of deep stall 

steady and pulsed blowing effects 

comparable 

 11/7 0.06 0.5 ~0 0.07 

[135] leading-edge micro-jet 

blowing 

NACA 0015 10/10 0.05-0.1 0.3,0.4 — — LEV eliminated by “release of vorticity,” 

elimination of the shock 

[134] combustion powered 

actuation 

VR-12 10/10 0.07 

0.07 

0.3 

0.4 

0.2 

~0 

0.05 

— 

cycle-averaged lift coefficient increases by 

11% at Mach 0.4. 
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slightly smaller lift hysteresis but a slightly greater pitch-down moment, and under deep stall 

(not shown) negative pitch-down moments are also significantly reduced. The likely reason that 

high-frequency forcing does not significantly affect results, but degrades at lower F +  (not 

shown), is because it does not rely on an excitation mechanism to control dynamic stall (see 

section 3.5.2). Notably, at 0.5M = , steady blowing also significantly reduces pitch-down 

movements under moderate and deep stall. Scheduled control further increases ,maxlC  but with 

a smaller increase in ,minlC , where these differences were most likely due to fluctuations in the 

supply line pressure when operated in an unsteady manner. Blowing delays the shock formation, 

moving it closer to the leading-edge and the stall mechanism changes from shock-induced to 

trailing-edge (not shown). These data are consistent with point diffraction interferometry 

measurements [135] that show the elimination of flow separation, accompanied by a thicker 

boundary layer due to the generation of multiple streamwise vortex pairs. At 0.4M = , 

interferometry measurements indicate that the unsteady periodic -shock structures appear 

downstream of the leading-edge. Blowing eliminates these shock structures and produces a 

boundary layer significantly thicker than that observed at 0.3M =  cases. These observations 

are again consistent with load measurements made by [142], that show relatively large increases 

in ,minmC  at 0.5M = . 

To summarize, microjet blowing is effective for dynamic stall control and has two main 

advantages: the orifices do not materially modify the blade geometry; and blowing can be 

initiated on-demand, within the rotor cycle, using on-off control (see section 3.9.1), for example. 

It can therefore potentially be employed in a close-loop control scheme, that initiates blowing 

at incipient stall. Two technological challenges to be considered are the physical supply of 

compressed air into the rotating blades, and estimation of the net gains when using engine bleed 

or an auxiliary air pressure source. 
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Figure 37. Representative results of compressible dynamic stall control by means of upper 

surface discrete jet blowing.  Top row: 0.3M = , 13 4 sin t = +  ,  and 
60.53 10Re =  , and  

at 0.1k = . Bottom row: 0.5M = , 11 7 sin t = +  , and 
60.53 10Re =  , and  at 0.06k =

[142]. Republished with permission. 

 

 

4.3 Excitation-Based Actuation 

To date, no convincing experimental demonstrations of excitation-based dynamic stall control 

have been performed for 0.3M  . However, static experiments performed with DBD plasma 

actuators [276,277]—both AC and nanosecond pulsed-DC—and hover results with nanosecond 

pulsed-DC at tip 0.3M =  [278] suggest that beneficial performance results can be obtained. 

Technically, the actuators must be designed to produce sufficient perturbation amplitudes and 

frequency bandwidths, because increases in the relative velocity means that the excitation 

perturbation amplitude and frequency must increase accordingly. Sufficient amplitudes can be 

provided by nanosecond pulsed-DC actuators or high-voltage AC-DBD actuators. For example, 

using nanosecond pulsed-DC actuation at 5F +  ,  [276] observed a small pressure rise aft of 

the shock on a Lockheed-Georgia C-141 airfoil at 0.74M = . Kelley et al [277] studied the 

Cl

Cl

Cm

Cm



74 

effects of both AC-DBD and nanosecond pulsed-DC leading-edge actuation on the 

aerodynamic coefficients of a NASA Advanced EET airfoil in the Mach and Reynolds number 

ranges 0.1 0.4M   and 6 60.58 10 2.3 10cRe     (see Figure 37). The baseline ,maxlC  

under incompressible conditions increases with Re , but compressibility effects neutralize the 

gains for 0.3M  . Note that data is presented for both pulse-modulated and non-modulated 

actuation—sometimes referred to as “steady”—and because the freestream velocity changes, 

the non-modulated reduced frequency falls in the range 20 5F +    (2.3 kHz) with increasing 

Mach number. Overall, the effect of excitation on ,maxlC  and post-stall 
lC  weakens in non-

dimensional terms, but not as significantly in percentage terms. The all-important 
mC  

divergence does not show monotonic behavior but is delayed by approximately 3 degrees for 

both 0.3M =  and 0.4. 

 

Figure 38. Effect of AC-DBD plasma actuation at 1F + =  (3.175 mm thick ceramic dielectric, 

pp 30 kV,V = modulation at d.c. 50%= ) and pulsed-DC-DBD actuation at 1F + =   (0.127-mm-

thick Kapton film dielectric, pp 11.9 kV,V =  pulse width ~100 ns) on static aerodynamic 

coefficients of a NASA Advanced EET airfoil. Data republished with permission. 

 

 A welcome result is that reduced frequencies effective under incompressible conditions 

are also effective under compressible conditions—particularly in light of the fact that 

incompressible separation control relies on excitation of the LSB. Recent wall-resolved LES of 

an LSB on a stationary NACA 0012 airfoil for 0.4M  , revealed that the flow structure in the 
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locally supersonic region exhibits self-sustained oscillations at frequencies an order of 

magnitude lower than the shear-layer instability [279]. The source of the oscillations is 

attributed to coupling between the displaced shear layer and the train of compression/expansion 

systems, while high-frequency perturbations significantly reduced the oscillations. This 

provides some indication that the excitation mechanism remains effective at compressible flow 

Mach numbers. The static results presented above serve as a strong motivation for applying 

DBD-based actuation to helicopter dynamic stall control, in particular because they are effective 

in both compressible and incompressible regimes and their effectiveness does not diminish with 

Reynolds number. 

 Extending airfoil results to the helicopter rotor problem requires considerations that the 

control parameters vary along the blade span. For a model helicopter with a constant chord-

length blades in hover, at tip 0.3M = , nanosecond pulsed-DC actuation at a nominal tip reduced 

frequency tip/ 1.2t pF f c V+  =  produced maximum and post-stall lift forces increases of 17% 

and 50% respectively [100]. This encouraging result, which is consistent with incompressible 

rotor results  [280,281], shows that excitation remains effective despite the fact that the local 

reduced frequency rel( ) / ( )pF r f c V r+ =  and Mach number 
rel( ) ( ) /M r V r a=  increase 

asymptotically and decrease linearly, respectively, with decreasing r̂ . It appears that the mild 

dependence of lift coefficients on F +  for airfoils can be extended to understand how excitation 

operates in a quasi-two-dimensional manner along the span. Namely, because the variations in 

( )F r+  are gradual on the outboard part of the span, at each section the excitation can be 

assumed to operate in a two-dimensional manner [280].  

In forward flight, excitation-based dynamic stall control presents a greater challenge 

than in hover, because (i) the problem is dynamic, and (ii) ( )F r+  varies more aggressively from 

the tip towards the hub, and across the compressible-incompressible flow boundary. For the 

example shown in Figure 1 (see section 2.1), where 0.237, =  a constant actuator frequency 

along the span to produces 1tF + =  at 270 =   (where tip 0.4M = ), while ˆ( 0.8) 1.4F r+ = =  

and ˆ( 0.6) 2.1.F r+ = = At higher advance ratios, e.g., 0.4 = , ˆ( 0.8) 1.5F r+ = =  and 

ˆ( 0.6) 3F r+ = = . While dynamic stall is generally associated with the retreating blade stall, 

[30,31] showed that it can occur in all quadrants across virtually the entire blade span under 

extreme maneuvering, such as pull-up and high-speed diving turn maneuvers. By way of 

example, a dynamic stall map for a pitch-up maneuver at 0.341 =  produced by [30,31], is 
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shown together with Mach number and F +  maps in Figure 39. By comparing the two maps on 

the left, it is clear that compressible dynamic stall can occur in the first quadrant and that 

incompressible dynamic stall can commence in the second quadrant. For a constant perturbation 

frequency pf , selected to produce 1tF + =  at 270 =  , the relevant variations in ˆ( )F r+  fall 

mainly within the effective range, i.e., between 0.5 and 4. Note, however, that a constant 

physical perturbation entire azimuth is not a limitation. Indeed, a major advantage of DBD 

plasma actuators is that the physical pulsation frequency can be varied at time-scales that are 

very much smaller than the rotor period. Hence, in principle, appropriate physical perturbation 

frequencies can be selected depending upon the occurrence and severity of dynamic stall. 

Despite many challenges, it is the opinion of this author that DBD plasma actuators 

should be evaluated for dynamic stall control in the compressible regime. Major advantages are 

that they are lightweight with no mechanical elements and as a result they can easily resist large 

g-forces. They also have a large and variable frequency bandwidth and consume relatively low 

power in comparison to their aerodynamic benefit. Furthermore, more than one configuration 

can be integrated into the blade geometry, to handle different dynamic stall scenarios.  

 

Figure 39. Left: Dynamic stall map corresponding to a pitch-up maneuver from [30,31] for 

0.341 =  (blade loading = 2.09). Center and right: Corresponding Mach number and F +  maps 

(reverse flow masked). 
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5 Conclusions, Recommendations and Outlook  

This review considered the most common, technologically relevant, occurrences of dynamic 

stall and defined the control objectives associated with each. These included dynamic stall on 

helicopter and wind turbine blades, fixed-wing aircraft wings, flapping wings, as well the 

alternating separation and attachment produced by cyclical control inputs. 

 After describing the different types of incompressible airfoil and finite wing dynamic 

stall, common control metrics were defined. This was followed by descriptions of dynamic stall 

management, as well as popular passive devices and active control techniques. Leading-edge 

slot blowing, that can either suppress or induce dynamic stall, was identified as being well-

suited to the problem of load control on horizontal axis wind turbines. This method has far 

greater control authority than active trailing-edge flaps, or other devices and methods, with the 

added advantage of no external mechanical moving parts. The large control authority was 

demonstrated experimentally by employing iterative learning control under synchronous 

changes in angle-of-attack and freestream velocity, and by feedforward control simulations. The 

author recommends this method for future development. 

 The use of periodic excitation or periodic forcing perturbations, long known to be 

effective under static conditions, was reviewed in the context of dynamic stall control. When a 

large disparity exists between the airfoil or wing pitching frequency and the perturbation 

frequency, then effective control under incompressible static conditions translates to effective 

control under dynamic conditions. This was observed both with regard to the averaged static 

versus pitching-cycle phase-averaged dynamic data as well as the perturbation-cycle averaged 

pressure fluctuations under static and dynamic conditions. The effectiveness of perturbations 

degrades significantly, however, near the tips of swept wings. The apparent conundrum that 

both pitching airfoils or wings that stall dynamically and periodic perturbations that eliminate 

dynamic stall both produce leading-edge vortices, was explained by the large time-scale 

disparity between the two. 

 Dynamic pitching of an airfoil or wing serves and an excellent vehicle for more general 

dynamic stall control studies. This was shown using matched pitchrate, and matched inflow 

concepts, where the variation of pitching frequency can serve as a surrogate for angle-of-attack 

amplitude changes, and matched inflow can be used to reduce the surging-flow parameter space. 

Furthermore, use of the pitch-plunge equivalence for dynamically stalling airfoils, as well as 

swept and unswept wings, allows a significant reduction in the scope of experimental or 

computational test matrices. 
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The method of scheduled control, at predetermined modulated input at the dynamic stall 

and attachment timescales, was used as a vehicle to demonstrate load excursion increases on 

airfoils and bluff-bodies, optimization of vertical axis wind turbine net power output, control of 

trailing vortices, and control of turbulent mixing. In particular, forced periodic separation and 

attachment of flap flows shows potential for trailing vortex perturbation or blade-vortex-

interaction noise reduction. 

 The control of dynamic stall on flapping wing flyers differs depending upon whether 

propulsive flight or hovering are considered. In propulsive flight, maximum thrust and peak 

propulsive efficiency occur close to the dynamic stall boundary, and the objective is to suppress 

or eliminate the LEV. Presently, this is achieved by design, namely, by a judicious combination 

angles, flapping amplitude, and frequency. Active methods should be considered as surrogates 

for naturally occurring high-lift devices, such as the use of DBD plasma actuators as a surrogate 

for alula on bird wings. In contrast to propulsive flight, hovering relies on dynamic stall for lift. 

Regardless of wing morphology, wing kinematics produce unsteady vortex-dominated flows, 

where the wings themselves are the actuators. It was shown in this review, that similar Strouhal 

numbers are associated with insect flight, leading-edge forcing on flat-plate airfoils and wings, 

and possibly bluff-body vortex shedding. 

Closed-loop control most commonly involves some form of lift or moment control—by 

suppressing or eliminating dynamic stall—and the strategy and implementation depend upon 

the specific objectives. The two examples reviewed are adaptations of various stall-warning 

sensors that are used to drive simple on-off control, and a popular feedforward/feedback control 

architecture that requires disturbance and plant models to design the feedforward and feedback 

controllers. The utility of this architecture was illustrated by examples of feedforward and 

feedback control of airfoils and wings subjected to dynamic pitching and pseudorandom 

longitudinal velocity variations. 

Accurate predictions of dynamic stall control, in terms of validated predictive capability 

against experimental data, appear to be lacking for both passive devices and active control 

methods. The least computationally expensive methods, e.g., URANS, appear capable of 

predicting correct trends of control schemes, while high-fidelity implicit LES produces 

improved correspondence with data under static conditions. It appears that Hybrid RANS-LES 

turbulence models are likely the best option for near-term practical dynamic stall control 

computations. The author recommends use of the extensive surface pressure and PIV data sets 

that employ leading-edge blowing: https://www.flowcontrollab.com/data-resource for 

numerical validation of incompressible dynamic stall control. 

https://www.flowcontrollab.com/data-resource
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Compressible dynamic stall control research, associated with relative Mach numbers 

greater than 3, is mainly driven by conditions experienced by helicopter blades during high-

speed forward flight and while performing aggressive maneuvers. Unlike incompressible flows, 

a relatively small supercritical region forms downstream of the leading-edge which leads to 

shock-induced dynamic stall. Three main approaches were identified that show potential. The 

first is nominally passive and involves a leading-edge extension (or “glove”), together with 

vortex generators. The second is discrete wall-normal jet or micro-jet blowing, where the jets 

mimic the effect of small or micro vortex generators, that produce counter-rotating vortex pairs 

between the jet and the external stream. Finally, dielectric barrier discharge plasma actuators 

should be considered for helicopter blade dynamic stall control due to their demonstrated utility 

at Mach numbers greater than 3 on airfoils, the positive effects on hover, low power 

requirements, light weight, and large and variable frequency bandwidth. 
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