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Abstract 

Quasi-static and dynamic stall control experiments, using DBD plasma actuators, were 
performed on a square-tipped aspect-ratio-one wing, with a NACA 0015 profile, under 
harmonic pitching, at a Reynolds number of 3´105. Relatively low O(1) and relatively high 
O(10) pulse-modulated reduced excitation frequencies were introduced at the leading-edge; the 
former produced the largest post-stall lift improvements while the latter produced the highest 
maximum lift. A reduced frequency, based on laminar separation bubble shedding, was enlisted 
to explain the differences between the two results. Under conditions of dynamic pitching, 
evidence of a dynamic stall vortex was absent, due to its interaction with the strong tip vortices, 
consistent with prior experimental and numerical investigations. As a general rule, performance 
benefits produced by excitation under quasi-static conditions were reproduced under harmonic 
pitching. Low-order dynamic stall and dynamic stall control models, based on a modified 
version of the Goman-Khrabrov delta-wing concept, were evaluated. Model constants were 
obtained from quasi-static data sets and a single baseline dynamic case was employed to 
determine the time-constants. The model produced excellent results for both baseline and 
controlled cases, which was attributed to similar lift and stall mechanisms exhibited by delta 
and rectangular low-aspect-ratio planforms. 
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Nomenclature 
Roman Symbols 
AR = aspect ratio,  
b = wing span (m) 
c = wing chord (m) 

 = drag coefficient,  
 = lift coefficient,  
 = power coefficient,  
 = momentum coefficient,  

d.c. = duty cycle 
 = airfoil pitching frequency (Hz) 
 = plasma ionization frequency (Hz) 

 = plasma pulse-modulation frequency (Hz) 
 = bubble shedding frequency (Hz) 
   = plasma axial body force (N) 
 = blade reduced frequency,  

 = bubble height above the surface (m) 
 = bubble length measured on the surface (m) 

 = airfoil dimensionless pitching frequency  
 = power input to plasma actuators (W) 
 = dynamic pressure,  (Pa) 
 = freestream wind speed (m/s) 
 = boundary layer edge velocity at bubble reattachment (m/s) 
 = boundary layer edge velocity at bubble separation (m/s) 

 = wing planform area 
 = angle-of-attack 
 = reattachment angle-of-attack 
 = stall angle-of-attack 

 = dimensionless pitchrate,  
 = Goman-Khrabrov time-constants 
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1.   Introduction 
The development of small, portable, mini or micro air vehicles, with limited maximum 
dimensions, has reignited interest in low-aspect-ratio (AR) aerodynamics [1-5]. Apart from 
common requirements such as maneuverability, take-off/landing performance and payload 
maximization, low AR wings should fly safely at reduced airspeeds, close to stall, in unsteady 
or gusty environments. In particular, wing stall with accompanying bi-stable flow states 
(sometimes called hysteresis), triggered by bursting of the leading-edge separation bubble 
(LSB), should be avoided [6]. In contrast to airfoils and high-aspect-ratio wings, lift generation 
on low AR wings at high angles of attack is generated predominantly by wingtip vortices [7-
11]. Although the majority of low AR investigations consider thin-plate-type wings [7-11], 
conventional wing profiles offer the critically important advantage of storage volume [12,13]. 
This has served as motivation to conduct basic research on conventional (non-flat-plate) 
profiles with  rectangular planforms [14-16]. 

The requirement for flight in unsteady or gusty environments has precipitated a number 
of dynamic stall experimental [17-21] and numerical [22-26] investigations, the vast majority 
of which focus on . In general, wings of  are defined as low aspect ratio  [27], 
although non-linear lift behavior associated with the dynamic stall vortex (DSV) on airfoils and 
high AR wings is substantially reduced on  wings [21]. This is explained as a strong 
interaction between an Ω shaped DSV and Π shaped tip vortices [25], with similarities between 
flow topologies of different planform shapes [26]. High-fidelity, wall-resolved large-eddy 
simulations elucidate the growth and bursting of the LSB as a DSV in the central span extent 
of the wing [24]. Consistent with [25,26], the DSV interacts with the tip vortices to produce a 
Λ-type structure that evolves into an arch and sheds as a vortex ring. To date, dynamic stall on 
rectangular planform  wings with conventional (non-flat-plate) profiles has not been 
studied. 

Active flow control (AFC) has the potential to eliminate or delay dynamic stall and 
hysteresis, thereby increasing flight safety in unsteady or gusty environments. A well-known 
method for delaying stall on airfoils and high-aspect-ratio wings is the introduction of periodic 
leading-edge perturbations [28]. Leading-edge perturbations are also effective when strong 
three-dimensional effects are present, for example on delta [29,30] and low AR rectangular flat-
plate wings [31-33]. Pulse-modulated dielectric barrier discharge (DBD) plasma actuators are 
particularly attractive because they are light, low-power, and directly convert electrical power 
to a fluid-based body force [34-36]. However, there is a large range of reduced frequencies 

 at which maximum and post-stall lift enhancements are maximized. For 

example, pulse-modulated frequencies of  (Cµ=0.002%) were reported for flat plate 
low AR wings [31-33]. On the other hand, recent computational studies on finite wings [37] 
suggest that leading-edge perturbation (Cµ=0.02%) at  excited the laminar separation 
bubble and can thereby delay separation. The similarity between “static” and dynamic stall and 
dynamic stall control is important because both nominally static and dynamic incompressible 
dynamic stall are driven by unsteady bursting of the LSB [38,39].  

We draw a distinction between quasi-steady harmonic pitching, commonly assumed 
valid under the conditions  [40] and an unsteady base flow that is 
assumed to be quasi-steady with respect to the periodic perturbations [41,42]. The latter 
assumption was shown to be valid on two-dimensional harmonically pitching airfoils where 

 . In other words, the time-scales of the amplification of perturbations produced by 
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excitation at  are very much smaller than the period of the unsteady pitching. In non-

dimensional terms, this can be expressed as  and was shown to be valid for airfoils 
at  [41,42]. Thus, a dynamic stall control model can be employed that accounts only for 
the integral effect of the high-frequency perturbations, e.g. the model by Goman and Khrabrov 
[43-46], providing that a large frequency disparity  is maintained.  

The objectives of this research are to study quasi-static and dynamic stall control, using 
pulsed DBD plasma forcing, on a low-aspect-ratio wing and to develop an appropriate dynamic 
stall control model. The wing has a constant NACA 0015 profile with a nominal aspect ratio of 
one. The study employed nominally steady freestream flow with harmonic quasi-static and 
dynamic variations in angles of attack. Both low and high reduced frequencies were examined, 
namely  and , based on prior experimental and computational studies, 
respectively. The experimental setup is described in section 2, the main experimental results 
are presented in section 3, model development and results are presented in 4, and the main 
conclusions are distilled in section 5.  

pf
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2. Experimental Setup 
Experiments were performed in the Technion’s unsteady low-speed wind tunnel (UWT) within 
a 2-meter-long specialized test section (610 mm × 1004 mm) [47]. The test section has two 
large aluminum rings that are driven by a 5 kW servomotor via 1:150 ratio belt drives. Plexiglas 
windows within the rings allow full optical access to the test section. The NACA 0015 wing 
was 3D printed using Nylon 12 SLS and has a nominal aspect ratio of one (nAR=1: chord  

, span ). It was based on a nominal  chord geometry, where 
the trailing-edge was truncated by 7 mm to maintain 1.6 mm finite thickness for a pressure port. 

The wing was mounted in the wind tunnel test section on a two-component sting balance 
at its ¼ chord position and oriented to measure tangential and axial loads (no moments were 
measured). The balance was mounted on a vertical beam that was attached to the aluminum 
ring on the starboard side of the wing (Figure 1). The gap between the wingtips and side walls 
was 155 mm  and the formation of the wingtip vortices could be easily observed. The 
walls were assumed to produce a measurable quantitative effect on the vortices due to vortex 
images. However, no wind tunnel corrections were implemented to account for these effects. 
The relatively small dimensions of the wing, combined with Nylon 12 stiffness (Tensile 
modulus of 1.3 GPa) resulted in negligible deformation of the wing due to mechanical or 
aerodynamic loads. A diffuser was installed directly downstream of the aft-most test section, 
allowing the flow to exit the tunnel radially [47]. 

Two angle-of-attack versus time profiles were programmed for the servomotor 
controller: a constant speed profile for quasi-static motion; and a harmonic profile for dynamic 
motion (see section 3). The angle-of-attack control was shown to be accurate to within 0.2° 
during dynamic motion [48,49]. Tangential and axial load signals were initially low-pass 
filtered to suppress contamination from high-frequency structural vibrations, and then cycle-
averaged. The periods were phase-synchronized using an independent trigger signal. For all 
data sets, fifty cycles were measured, from which the first three and the last period were 
discarded from the averages to avoid spurious transient effects. The averaged loads were then 
tared and transformed using the angle-of-attack to obtain lift and drag forces. The strain gauges 
were excited using a Micro-Measurements Model P3 Strain Indicator, which has a resolution 
of 1 microstrain (which corresponds for our balance to 0.20 N in the normal direction and 0.36 
N in the axial direction) and an output update rate of 480 Hz. The balance was calibrated 
repeatedly during the course of the experiments and it was determined that, under nominal 
standard conditions , the measurement uncertainties were . 
The first structural resonance frequency of the balance, namely 14.2 Hz, was between 18 to 28 
times higher than the frequency of the dynamic pitching experiments. 

293mmc = 300mmb = 300mmc =

(0.52 )c

( 15 m/s)U¥ = 0.01L DC CD = D £
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Figure 1. Schematic of the experimental test section, showing the motor-driven pitching 
mechanism and wing attachment. 

A DBD plasma actuator, wrapped around the wing leading-edge, composed of a 20 mm 
wide ´ 20 µm thick copper electrode, encapsulated by a 300 µm thick translucent silicone 
rubber dielectric and a 10 mm wide ´ 20 µm thick exposed copper electrode (see schematic in 
section 3.2). High AC voltage (10 kVpp) was supplied to the actuator by a Minipuls 2® high-
voltage generator (GBS Elektronik GmbH) which, in turn, was supplied by CPX400D–Dual 
420-watt DC power supply. The gross DC power input to the actuators (Pin) was monitored, 
and a desktop calibration on an identical flat actuator was carried out according to the method 
described in [50]. The maximum actuator axial body force (thrust) attained was 0.180 
grams/meter. This corresponded to a maximum wall-jet velocity of 2.2 m/s, measured at 2.5 
mm downstream of the actuator and 0.70 mm above the wall, using a hot wire anemometer. 
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3.  Experimental Results 

3.1 Main Experimental Parameters 
The vast majority of both quasi-static and dynamic experiments were performed at a nominal 
wind speed  corresponding to . Additional quasi-static baseline data 
were acquired in the range  to verify the fidelity of all measurement 
instrumentation. DBD plasma actuators could therefore be pulsed modulated over a large 
frequency bandwidth limited only by fion. These frequencies were dictated by the Minipuls high-
voltage generator, which responds like a non-linear second-order system with one or more 
resonance frequencies (see Table 1) [50]. This allowed us to adopt two different flow control 
strategies. The first was excitation of the separated shear layer known experimentally to be 
effective on two-dimensional airfoils [31-33], namely ; and the second was high-
frequency excitation determined by high-fidelity computations [37], namely  and 50. 

In all cases, relatively low duty cycles  were employed (see Table 1), and 
the momentum coefficient at 100% duty cycle was  This is at least 
two orders of magnitude smaller than well-known steady-jet flow control methods [48,49]. 
Therefore, all observed aerodynamic effects presented below are due to flow excitation and not 
steady ionic wind effects. The net momentum coefficient for each case can be calculated 
according to  (see Table 1). However, varying the duty cycle between 5% and 15% 
produced negligible differences in the results, even when a non-integer number of cycles was 
employed in the modulation bursts. Unlike previous research [50], no attempt was made to 
determine the minimum power required to attain a particular objective. 

 

Table 1. Range of plasma ionization and pulse-modulated frequencies considered. 

fion (Hz) fp (Hz) F+ d.c. Pin (W) CP 
14,000 50 1 7 3.46 0.019 
14,000 500 10 12 5.47 0.030 
19,000 2,500 50 12.5 6.91 0.038 

 

3.2 Quasi-Static Results 
Quasi-static data were acquired by pitching the wing at a constant pitchrate 

 in the angle-of-attack range . Lift and drag coefficient 
(  and ) results at  (baseline,  and ) are shown in Figure 2. 
The solid lines and filled symbols represent pitch-up motion, while the dashed lines and open 
symbols represent pitch-down motion. The individual data points represent averages within 
0.5° bins in the stalling region, and 1° bins for angles outside of the stalling region. The drag 
data are not corrected for the effect of the sting, which is estimated to be constant at 

 (assuming the cylindrical sting with subcritical  based on the cylinder 
diameter). Excitation has no measurable effect on wing performance at angles below the 
baseline static stall angle as and this is fully consistent with previous airfoil and wing studies 
[28,30,50]. 

At angles of attack close to stall, lift generation on aspect-ratio one wings and delta 
wings rely on vortex lift. In the case of sharp-edge delta wings, the well-known leading-edge 
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suction analogy based on inviscid theory [51], assumes that the flow reattaches inboard of the 
leading-edge vortices. The resulting analytical method produces excellent correspondence with 
experimental data and can be extended to non-delta-wing planforms. Lamar [7] recognized that 
the flow over delta wings and low aspect ratio rectangular planforms exhibit similar behavior 
and thus generalized the suction analogy to include wingtip vortex lift. In particular, for  
the wingtip effects dominate and produce significant increases in  and  [8]. Moreover, 
stall is associated with wingtip vortex breakdown, similar to leading-edge vortex breakdown 
observed on delta wings (see discussion in section 4.3). 

The vast majority of  studies employ flat plates, with the exception of [14] who 
studied NACA 0003 to 0012 profile-wings. They determined that  varied between 
1.5 and 1.7, with no clear trend as a function of thickness and this is comparable to our value 
of 1.70. When compared to flat-plate wings, similar pre-stall vortex-lift mechanisms are 
observed on conventional thicker profiles. Nevertheless, numerical studies suggest that the lift 
slope associated with thicker profiles is smaller due to the fact that tip vortices form partially 
on the vertical edges of the wingtips [15], which manifests as weaker upper-surface suction. 
The sharp drop in lift and increase in drag, shown in Figure 2, suggest that stall on the NACA 
0015 wing is also associated with vortex breakdown. Further evidence of this is the relatively 
large hysteresis, also observed on  flat plate wings [8]. This is because the tip vortices 
only reconstitute at a lower angle-of-attack than  

     
Figure 2. Quasi-static ( ) lift and drag coefficient variation with angle-of-attack 
for baseline and controlled cases (filled symbols/solid lines: a increasing; open 
symbols/dashed lines: a decreasing). 

Both low and high-frequency excitation delay static stall to higher angles of attack with 
commensurate increases in , but the detailed effects are markedly different. Excitation at 

 produces a slightly larger pre-stall lift-slope and a substantially higher , 

accompanied by a delayed drag rise. Following stall, however, there is a switchover and  
produces greater post-stall lift and drag, and the disparity increases as a increases. In contrast 
to airfoil and high-aspect-ratio wing data [50], pulsations do not eliminate bi-stable behavior. 
Instead, a clear difference can be seen between the respective pitch-up stall angles as and 
reattachment angles ar; in fact, for the  case, the bi-stable range  increases. 
Repeating experiments from  in steps of 1, resulted in a steadily increasing , which 

saturated at  (not shown). Further increases in  produced only mild changes in lift 
slope, maximum lift and drag (Figure 3). The increase in frequency is clearly beneficial 
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aerodynamically but comes at the expense of additional plasma input power, namely 
, 0.030 and 0.038, for  10 and 50, respectively (see Table 1). 

        

Figure 3. Quasi-static ( ) lift and drag coefficient variation with angle-of-attack 
for baseline and controlled cases (filled symbols/solid lines: a increasing; open 
symbols/dashed lines: a decreasing). 

Greater insight into these observations can be derived from tuft-based flow visualization 
images shown for the three cases at  in Figure 4 and the separation bubble schematic 
in Figure 5 (a corresponding video can be viewed at: https://youtu.be/ls2hcfJUgFk). At this 
angle, the baseline flow is stalled ( ),  produced a lift increase and the flow is 
attached at  (Figure 3). In the baseline case, the tufts close to the leading-edge and in 
the central region of wing oscillate weakly, indicating a “dead-air region” above the wing. At 
excitation a , the tufts oscillate rapidly across the span in the upstream region and 
indicate a reverse-flow region, or large bubble, that extends to approximately 50% of the chord. 
Minor changes to the tufts near the trailing-edge indicate that the flow separates aft of the 
bubble, and this is consistent with the increases in  shown in Figure 3. On the other hand, 
for excitation at , all of the tufts point downstream and are virtually stationary. This is 
evidence that the leading-edge edge bubble closes very close to the leading-edge and cannot be 
detected by the tufts (cf. [37]). It is argued below that the boundary layer generated downstream 
of the bubble is thinner than that generated at  and this renders it less susceptible to 
separation. 

 
Figure 4. Tuft-based flow visualization images acquired directly above the wing at Re = 
300,000 and a = 25° for baseline (left), F+ = 1 (center), and F+ = 10 (right). The leading-
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edge actuator is visible at the top of the images and all images were acquired during pitch-
up motion. 

To clarify the above inferences based on the load data and tuft-based flow visualization, 
consider a schematic of leading-edge region, showing the LSB relative to the actuator location 
(Figure 5). The main time-mean features are shown as black dashed lines [52,53], while the 
linear instability region (exponential growth of small disturbances) and vortex rollup are 
indicated by blue lines [54-57]. The schematic represents both pre-stall (baseline) naturally 
occurring bubbles [52,53,55-57] (a < 19°)  as well as post-stall bubble excited by pulsed plasma 
perturbations [54,55], e.g. a = 25° (see Figure 2 to Figure 4). The time-mean velocity profiles 
and dividing streamline (dashed lines), associated with the bubble length  and height  
are shown, together with the boundary layer edge velocities at separation and reattachment  
and ).  

Small-amplitude disturbances are amplified in the bubble (upstream blue line), 
downstream of which nonlinear interactions lead to the rollup and shedding of coherent 
structures (downstream blue line) [56]. Thus, both shear layer (Kelvin-Helmholtz) and 
shedding-type instabilities are observed in separation bubbles. Smoke based flow visualization 
indicates that large coherent structures emerge from the bubble [55], although flowfield 
measurements indicate that the their two-dimensionality breaks down upstream of reattachment 
[57], where a dominant shedding frequency  is observed.  On the basis of a survey of 
different separation bubbles, Mabey [53] determined empirically that  

Perturbations generated by the leading-edge plasma actuator upstream of the bubble are 
amplified in the shear layer [58]. Thus the physical excitation frequency  determines the 
length of the bubble according to Mabey's [53] correlation. For example, a perturbation 
frequency that produces a large bubble, say , corresponds to , while a 
perturbation frequency that produces a short bubble, say  corresponds to  
(see Figure 2 to Figure 4). In both instances, leading-edge separation is prevented, but 
downstream of the bubble, the pressure gradient and thickness of the boundary layer determine 
whether separation will occur (see below). 
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Figure 5. Schematic of the wing center-span leading-edge region (not to scale), showing 
the location of the plasma actuators and indicating the main flow features of both natural 
(baseline) and excited separation bubbles, based on [52-57]. 

A limitation of the Mabey correlation [53] is that it provides a range of frequencies, not 
a specific value. Furthermore, caution should be exercised when generalizing it because 
shedding instabilities, such as Kármán vortex shedding, generally scale with a cross-stream 
dimension [59,60] and not a streamwise one. Sigurdson and Roshko [54,55] argued that natural 
and externally excited shed vortices interact with their images, due to the presence of the wall, 
and therefore a direct analogy can be drawn between bubble shedding and bluff-body Kármán 
vortex shedding. In fact, a single parameter, namely  can be used 
to unify the results of forced and unforced separation bubbles as well as bluff body shedding, 
where  is the width of the wake [54,55]. In the present research, no attempt was made to 
determine and therefore this general result was not directly verified. Nevertheless, according 
to this result, excitation frequency and bubble height are inversely proportional. Thus, low 
frequency excitation (namely ) produces a relatively thick reattached boundary layer that 
is susceptible to separation and thus, the increase in   is relatively small. Increasing the 

excitation frequency (namely )  produces a smaller  and therefore a thinner 
reattaching turbulent boundary layer that is less susceptible to separation and hence a higher 

. Further increases in frequency to  produces a further, but relatively small, 
increase in . Note also that with successive frequency increases the lift slope beyond the 
baseline static stall angle increases and the corresponding drag decreases. 

The large increase in  from 10 to 50, produces a relatively modest increase in  

Based on the scaling discussed above,  10 and 50, produce approximate bubble lengths 
of 50%, 5% to 1%, respectively, with similar bubble height scaling. This leads us to conclude 
that relatively large changes to an already small separation bubble lead to only minor variations 
in the development of the downstream boundary layer.  

During the pitch-down motion, excitation increases the attachment angle, but there is 
almost no dependence on excitation frequency. The increase in angle was expected because 
excitation of the separated shear layer produces large coherent structures that increase 
transverse momentum transport [28]. However, the weak dependence on frequency is 
perplexing because momentum transport across nominally two-dimensional shear layers is 
strongly dependent on excitation frequency [28]. It appears, therefore, that the low AR three-
dimensionality introduced at the wingtip effects plays an important role in the attachment 
process. It is unlikely that direct excitation at the wingtips will have a beneficial effect due to 
the large axial flow component that sweeps the perturbations into the wake [61]. 

3.3 Dynamic Stall Results 
Aerodynamic coefficients produced by dynamic pitching under light stall conditions 

 at  for baseline,  and  cases are shown in 
Figure 6. In contrast to two-dimensional airfoils, the baseline lift coefficient does not exhibit a 
sharp increase in  associated with formation of the DSV. This is because the tip 
vortices, which are primarily responsible for lift generation, interact with the DSV to produce 
a curved vortex or “arch-type structure” that sheds as a vortex ring [23]. This has a similar net 
effect as the delay in the growth of leading-edge vortices on delta wings [43,62] and implies 
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that a delta wing dynamic stall model will be equally valid for low-aspect-ratio wings (see 
further discussion in section 4).  

As mentioned in the introduction, for harmonic airfoil pitching with , 
perturbation frequencies that are effective under static conditions are also effective under 
dynamic conditions. This is illustrated by the behavior of the aerodynamic coefficients for 

 and  in Figure 6, where . Plasma pulsations increase lift and delay 
the drag-rise, due to increases in the static-stall angle and, as a consequence, a decrease of the 
hysteresis loops. Furthermore, as anticipated from the quasi-static data, pulsations at  
produce higher  than those at . In fact, dynamic stall is almost completely 
eliminated at the higher frequency, as can be seen from both lift and the drag coefficients. 

 

   
Figure 6. Aerodynamic coefficients during light dynamic stall  at 
k=0.03 and Re=3´105, showing baseline and controlled cases (solid lines: a increasing; 
dashed lines: a decreasing). 

A deep stall case, where , under otherwise identical 
conditions, is shown in Figure 7. Here we can once again see how the static results are reflected 
in the deep stall dynamic data. At  forcing produces higher dynamic  as before. 
However, its stall is relatively steep, producing a comparatively large hysteresis loop due to the 
relative ineffectiveness of high-frequency forcing at higher post-stall angles (see Figure 2). 
Forcing at , on the other hand, results in gentler static stall (see Figure 2) and 
consequently higher  values during the dynamic pitch-down motion. Similar data sets were 
acquired at different values of  and produced similar qualitative results (see section 4.3). 
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Figure 7. Aerodynamic coefficients during deep dynamic stall  
at k=0.03 and Re=3´105, showing baseline and controlled cases (solid lines: a increasing; 
dashed lines: a decreasing). 
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4.    Modified Goman-Khrabrov Model 

4.1 Modeling Rationale 
The Goman-Khrabrov (G-K) model [43], introduced in 1994, is a relatively simple 
mathematical model to predict unsteady aerodynamic forces and moments. The model is 
formulated in state space, in that it employs internal dynamic variables to describe the states of 
the flow. The state equation defines the evolution of an internal dynamic variable , while 
the output equation updates the lift and moment coefficients. The function  nominally 
represents the degree of flow attachment under static conditions, where fully attached flow is 
represented by  while fully separated flow corresponds to . The basic G-K model 
requires a map of the internal variable and two time-constants,  and . The range of 
static angles of attack available, either empirically or computationally, determines the valid 
angle-of-attack range of the model. 

Recently, the Goman-Khrabrov (G-K) model was modified for the purpose of predicting 
lift coefficient time histories during pitching on a relatively thick NACA 0018 airfoil [44]. The 
model was modified by recognizing that  varies depending on the direction of quasi-static 
pitching. The modified version of the model accurately captured the dynamic hysteresis in light 
and deep stall conditions for a thick airfoil, where dynamic trailing-edge stall dominated. 
However, the model failed to predict the effect of the dynamic stall vortex (DSV) during deep 
stall, because there is no mechanism in the model to achieve this. In [45], this restriction was 
overcome through the use of flow control; namely, by applied steady blowing at different 
momentum coefficients Cµ, the DSV was effectively eliminated, making trailing-edge 
separation the dominating mechanism to be modelled. Consequently, the G-K model could be 
effectively implemented in a dynamic stall control loop.  

On low-aspect-ratio wings [31,23] and delta wings [43,62,63,64], static lift is produced 
predominantly by tip or leading-edge vortices, respectively. Hence, when these wings are 
dynamically pitched, the effects of the DSV are significantly ameliorated due to their interaction 
with existing lift-producing vortices. Moreover, when leading-edge perturbations are applied, 
the DSV is ameliorated further and thus, the dynamic response of pre-existing lift-producing 
vortices will dominate. This presents a unique opportunity to apply a modified version of the 
G-K model to both the baseline and controlled cases. These modifications and model results 
are discussed in sections 4.2 and 4.3, respectively. 
 

4.2 G-K Model Modifications 
As in previous applications of the G-K model, a first-order time-lag and argument-shift model 
was employed to represent the baseline lift coefficient, but now also to account for the effects 
of plasma actuation on the lift coefficient of the low AR wing. Unlike separation control by 
means of leading-edge slot blowing in [45], plasma actuation only affects the post-stall lift. 
Therefore, the model for dynamic lift is assumed to have the form: 
        (1) 
where the state variable  is found by integrating 

         (2) 

In the baseline implementation of the G-K model, there is obviously no dependence on 
 and thus  and . In contrast, when plasma perturbations are introduced, 

their effect is only observed in the post-stall range of angles of attack and thus . 
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In a similar manner to [45], we assume that: 

          (3) 

and  

    (4) 

where  is a constant and the subscripts pre and post refer to pre-stall and post-stall conditions, 
respectively. 

 

Figure 8. Variation of the static internal variable X0 (a, F+) determined from quasi-static 
experimental data for baseline and pulsed-plasma cases (see Figure 2). 

 

4.3    Model Results 
The coefficients in the model were determined from the quasi-static lift coefficient 

measurements (see Figure 2), by least-squares,  namely: , 
 and . Note that  because it is 

averaged over the pre-stall angle-of-attack range and  is taken as an average of 
the different post-stall cases. For both baseline and control cases, the values of the function  
(Figure 8) were obtained by rearranging eqn. (1) in the form: 

    (5) 

and employing the quasi-static lift coefficient data  shown in Figure 2. As anticipated, 
 at angles of attack below stall, with a sharp drop at as that represents leading-edge stall. 
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As the angle-of-attack increases, the continued reduction in  reflects the greater degree of 
separation from the wing surface. 

The time-constants in the G-K model were determined on the basis of harmonic pitching 
data between  and  at a dimensionless frequency of  They were 
obtained using a numerical optimization method that minimized the mean-square error between 
the dynamic experiment and simulation data (“tuning”). Results of the optimization together 
with the experimental data are shown in Figure 9 (left), where  and  

 is the convection time). These time-constants were then employed for all G-K 
model calculations to obtain  predictions for a range of harmonic pitching conditions with 
and without control. Due to a lack of sufficient post-stall data at different  values, the terms 
involving  and were not modelled. Hence, the effects of , assumed 
to be constant throughout the cycle, enter only via the  term. 

The only most prominent disparity between the data and model is observed during 
reattachment of the flow during the downstroke part of the cycle (Figure 9, left). The model 
indicates reattachment at 17° as opposed to 14° observed on the wing. This disparity can be 
eliminated by modifying  based on the downstroke quasi-static data shown in Figure 8 and 
then determining new time-constants. This result is also shown in Figure 9 (right), together with 
slightly modified time-constants, but was not employed for further evaluations of the model 
due to the relatively minor improvement. For example, two additional light- and deep-stall 
baseline examples at  (see Figure 10) showed that, even though the disparity persists, 
it is relatively small and almost inconsequential. Similar pitching angles are shown for the 

 and  cases in Figure 11 and Figure 12; and baseline and controlled cases are 
shown for pitching at . Overall, the correspondence between data and the model is 
excellent for all the studied cases. We can therefore conclude that the modified version of the 
G-K model is very well suited to the modelling of both baseline and controlled cases on low-
aspect-ratio wings. 

         
Figure 9. Dynamic experimental data used to determine the time-constants t1 and t2 used 
in the G-K model, Re=3.0´105 and k=0.03 – left: pitch-up X0u employed , 

right: pitch-up X0u and pitch-down X0d employed , . 
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Figure 10. Dynamic baseline experimental data and G-K model results for light and 
deep stall cases, Re=3.0´105 and k=0.03. 

 
Figure 11. Evaluation of the G-K model for light and deep stall cases: F+ = 1, Re=3.0´105 
and k=0.03. 

 
Figure 12. Evaluation of the G-K model for light and deep stall cases: F+ = 10, Re=3.0´105 
and k=0.03. 
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Figure 13. Evaluation of the G-K model for a baseline, F+=1 and F+ = 10 cases for 
Re=3.0´105 and k=0.05. 

The close correspondence between the model predictions and data, presented in Figure 
9 to Figure 13, demands further scrutiny because the model was developed for delta wing 
planforms, where lift generation and stall are different to that on our  square planform.  
Under static pitching at high angles of attack, delta wing lift is generated predominantly by 
leading-edge vortices, and stall is associated with the phenomenon of vortex breakdown 
[63,64]. On dynamically pitching delta wings, breakdown commences near the trailing corners, 
propagates upstream and inboard [62] and is associated with a lag in the position of chordwise 
vortex breakdown, resulting in an overshoot of the quasi-steady lift [64-68]. The G-K model 
assigns  to the quasi-static vortex breakdown position and then introduces argument-shift 
and lag effects (eqns. 1-4). 

In our previous dynamic stall research on airfoils, amplitude modulation was employed 
to control dynamic stall [28,69]; here frequency modulation (or switching) can be used. For 
example, to maximize  and minimize hysteresis,  could be employed during the 

pitch-up for , while  could be employed for  throughout the down-
stroke. To do so, a separate model of the dynamic lift response to frequency switching must be 
developed similar to that described in [45]. This is referred to as the plant model and has a 
similar form to the G-K model described in section 4.2. Also, similar to [45], the time-constants 
must again be determined empirically by fixing the angle-of-attack and measuring the dynamic 
lift response to frequency switching. The model can either be used in a feed-forward or a closed-
loop manner, as described in [45]. 

In contrast to delta wings, lift generation on rectangular low AR wings at high angles of 
attack is produced predominantly by the wingtip vortices [8,7, 9] as described in section 1, with 
an upper limit of approximately  [8,9,11]. Although stall is precipitated by bursting of 
the LSB [6,11,24], the later stages of stall are associated with breakdown of the tip vortices 
[8,70], much like in the case of delta wing planforms. This confirms that the quasi-static internal 
state variable , is appropriate in the present investigation. Both experimental [17-16] and 
numerical [22-26] dynamic pitching investigations show further similarities between delta and 
rectangular low AR planforms. In particular, evidence of the DSV is absent in load data [21] 
and computational studies show how it is distorted, weakened and ultimately shed as a vortex 
ring [24-26]. Of importance to the correct modeling of the flow, spiral instabilities appear in 
the wingtip vortices, followed by transition and breakdown [23] similar to that observed on 
delta wings.  

We conclude, therefore, that the close correspondence between the data and model 
results arises from both quasi-static and dynamic flow topology similarities between the delta 
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and square planforms. The DSV plays an increasingly minor role on low-aspect-ratio wings, 
where it rapidly contorts into an Ω- or Λ-type structure that sheds as a vortex ring. The caveat 
is that either quasi-static data or highly accurate numerical computations must be employed to 
obtain . Similar arguments apply to the AFC cases shown in Figure 11 to Figure 13, where 
excitation of the LSB delays stall to a higher angle-of-attack. By employing time-constants  
and , that were optimized for the baseline case, the model results reflect the fact that the 
breakdown of the tip vortices in the presence of pulsed plasma actuation is governed by similar 
time scales. When the tip vortices break down, full leading-edge stall is reduced by excitation 
to a greater or lesser degree by either low- or high-frequency excitation. This should be expected 
to weaken the DSV even more [45]. Thus, providing quasi-steady AFC data or highly accurate 
CFD results are employed to obtain , the G-K model can be confidently employed for these 
cases as well. 
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5.    Conclusions 
Pulse-modulated DBD plasma perturbations, introduced at the leading-edge of an aspect-ratio-
one wing, were effective at delaying flow separation over a wide range of reduced frequencies 

 In contrast to airfoil and high AR wings, significant increases in the maximum 
lift coefficients were attained, particularly at  However, at post-stall angles, excitation 
at  produced the largest lift increases. The key to understanding these observations is 
rooted in the dimensionless natural shedding frequency associated with the laminar separation 
bubble, which is typically between 0.5 and 0.8, based on bubble length. High-frequency 
excitation produces a short and shallow bubble, on the order of 1% of chord, which results in a 
thin downstream boundary layer that is less susceptible to separation. At post-stall angles, low-
frequency excitation produces a large bubble, around 50% of chord, that separates downstream. 

Under baseline dynamic pitching, lift slope increases observed on high AR wings and 
airfoils was absent because the tip vortices distorted and weakened the DSV. With the 
introduction of excitation, the qualitative effects observed under quasi-steady conditions were 
also observed under dynamic pitching. This was due primarily to the two-to-three order of 
magnitude pulse-modulation to pitching frequency ratio. The qualitative similarity between 
baseline and controlled scenarios, combined with the large frequency ratio, rendered the low-
order Goman-Khrabrov model, originally developed for delta wings, particularly well-suited to 
both. The close correspondence between the data and model results was attributed to similar 
lift and stall mechanisms exhibited by delta and square low-aspect-ratio planforms. The fidelity 
of the model relies on corresponding quasi-static data sets, while a single set of time-constants 
captures the physical processes associated with both the baseline and controlled cases. 
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