
3rd US-European Competition and Workshop on Micro Air Vehicle Systems (MAV07) & European Micro Air Vehicle 
Conference and Flight Competition (EMAV2007), 17-21 September 2007, Toulouse, France  

 
 

1

Plasma Flow Control at MAV Reynolds Numbers 

B. Göksel* 
Electrofluidsystems Ltd. Holding, Berlin, Germany 

and 

D. Greenblatt†, I. Rechenberg‡, R. Bannasch§, C. O. Paschereit** 
Technical University of Berlin, Berlin, Germany 

An experimental investigation of separation control using steady and pulsed 
dielectric barrier discharge actuators was carried out on an Eppler E338 airfoil at 
typical micro air vehicle Reynolds numbers (20,000≤Re≤140,000). Pulsing was achieved 
by modulating the high frequency plasma excitation voltage. The actuators were 
calibrated directly using a two-component laser doppler velocimeter (LDV), with and 
without free-stream velocity, and this allowed the quantification of both steady and 
unsteady momentum introduced into the flow. At conventional low Reynolds numbers 
asymmetric single phase plasma actuators can have a detrimental effect on airfoil 
performance due to the introduction of a low momentum jet near the wall. Modulating 
the dielectric barrier discharge actuators at frequencies corresponding to reduced 
frequencies of O(1), resulted in significant improvements to Cl,max, which increased with 
reductions in Re. At the low end of the Reynolds number range (Re~20,000) modulation 
increased Cl,max by more than a factor of 2 and typical low Re hysteresis was eliminated. 
Of particular interest from an applications perspective was that performance, measured 
here by Cl,max, was not adversely affected with decreasing duty cycle, and hence power 
input. In fact, duty cycles of around 0.66% were sufficient for effective separation 
control, corresponding to power inputs on the order of 1.2 milliwatts per centimeter. At 
low duty cycles it appeared that a “vortex trapping” mechanism was responsible for the 
observed lift enhancement.  

Nomenclature 
A = planform area, b×c 
AR = aspect ratio 
b = airfoil span length 
Cl  = sectional lift coefficient, l/qc 
Cd = sectional drag coefficient, d/qc 
Cµ = steady momentum coefficient, J/qc  
〈Cµ〉 = unsteady momentum coefficient, 〈J〉/qc 
c = airfoil chord-length, cylinder diameter 
F+ = reduced excitation frequency, fX/U∞ 
f = separation control excitation frequency 
fc = carrier frequency (RF) 
J = steady plasma-induced momentum, dyUU J )( 22

0 −∫∞ ρ  

〈J〉 = unsteady plasma-induced momentum, dyvu JJ )~~( 22
0 +∫∞ ρ  
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q = free-stream dynamic pressure 
Re = Reynolds number based on chord-length 
U,V = mean velocities in directions x,y 
U∞ = free-stream velocity 
UJ = steady plasma-induced velocity 

Ju~ , Jv~  = unsteady plasma-induced velocities in directions x,y 
X = distance from perturbation to airfoil trailing-edge 
x,y = coordinates measured from airfoil leading-edge 
α = angle of attack 
 

I. Introduction 
chieving sustained flight of micro air vehicles (MAVs) brings significant challenges due to their small 
dimensions and low flight speeds. This combination results in very low flight Reynolds numbers 

(Re<100,000), where conventional low-Reynolds-number airfoils perform poorly, or even generate no useful 
lift. Some of the best performing airfoils in this Re range are cambered flat plates and airfoils with a thickness to 
chord ratio (t/c) of approximately 5%.16-17 MAV are usually designed with surveillance, sensing or detection in 
mind. Hence, a typical MAVs mission should include a “high speed dash” (V~65km/h, 18m/s) to or from a 
desired location with significant head or tail winds, and low-speed loiter (V~30km/h, 8.3m/s) while 
maneuvering, descending and climbing.15 Mueller defines two MAV sizes, which we can call “large” (b=15cm, 
M=90g) and “small” (b=8cm, M=30g). 16 
 
The generation of useful lift at Re<50,000 is particularly challenging because passive tripping of the boundary 
layer is virtually impossible.2 Consequently, unconventional approaches have been pursued, such as ornithopters 
that are inspired by bird and insect flight. Active control methods are also pursued. For example, Greenblatt & 
Wygnanski investigated perturbing an airfoil leading-edge boundary layer via two-dimensional periodic 
excitation at Re=50,000 and 30,000.11 Near-sinusoidal perturbations at F+≈1 resulted in the restoration of 
conventional low-Reynolds-number lift and aerodynamic efficiency, while excitation-induced lift oscillations 
were small and hysteresis associated with stall was eliminated (F+≡fX/U∞ where f is the excitation frequency, X 
is the distance from actuation to the trailing-edge and U∞ is the free-stream velocity). However, with decreasing 
Re larger periodic perturbations (expressed as the unsteady momentum coefficient 〉〈 µC ) were required to 
generate useful lift. A similarity between the timescales associated with excitation and those characterizing 
dynamic stall in small flying creatures aided in understanding the mechanism  of lift generation. It was noted 
that typical MAV dimensions are suited to actuation by means of micro-electromechanical systems (MEMS)-
based devices. Furthermore, it was concluded that the effectiveness and efficiency of actuators required to 
supply the prescribed excitation will ultimately determine the success and limitations for applications of the 
method. 
 

II. Motivation for the Present Study 
To illustrate the challenges posed for active flow control, let us define the wing aspect ratio: cbAR /=  where 
c  is the standard mean chord and assume that for typical MAVs: 21 ≤≤ AR . Furthermore, we define a 
characteristic Reynolds number ν/cVRe =  and lift coefficient: 
 
(1)  AVLCL

2
2

1/ ρ= .   
 
Using the definitions of aspect ratio and lift coefficient above and assuming straight and level flight, we can 
express the stall speed as follows: 
 

(2)  
max,

2stall
2

LCb
ARMgV

ρ
⋅

= .    
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Now, using definitions of “small” and “large” MAVs defined above (i.e. fixed wingspan and mass), we generate 

stallV  versus  max,LC  curves corresponding to AR=1 and 2, Figure 1. Also shown are the target loiter speed and 

corresponding Reynolds numbers. It is evident that the smaller vehicle requires a larger max,LC  with 
simultaneously lower Reynolds number at the loiter target. Furthermore, wings with AR>1, but fixed b, are 
required to produce significantly larger max,LC  at lower Reynolds number. Conventional low Reynolds number 
UAVs or so-called mini UAVs, where typically Re>120,000 to 200,000, achieve loiter targets by deploying 
flaps. This is not considered practical for MAVs loitering at Re<50,000, where passive tripping of the boundary 
layer in order to generate useful lift is not possible. 
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Figure 1.  Stall speed as a function of maximum lift coefficient for “large” (b=15cm, M=90g) and small” 
(b=8cm, M=30g) MAVs at two different aspect ratios. 
 
 
Figure 2 shows airfoil section max,lC  for conventional low Reynolds number airfoils and reflects the well-
known performance deterioration with reducing Re. Thus the problem of attaining low loiter speeds is 
compounded because performance degradation due to lower Reynolds number conflicts with higher max,lC  
requirements. It is emphasized that loiter is a mission critical flight regime, where the MAV performs its 
primary function such as surveillance or sensing. 
 

 
 

Figure 2.   Graph showing the baseline and plasma control data9,24 together with performance 
degradation of conventional low airfoils with reducing Reynolds number.5 Power supplied to the corona 
discharge wires is approximately 8.5Watts, corresponding to 0.12≤CW≤278 (see equation (3)). 
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Plasma-based actuators have recently demonstrated application to separation control.3,5-9,13,22,24 The first 
separation flow control on airfoils at typical MAV Reynolds numbers (13,000<Re<140,000) were demonstrated 
by plasma actuation using high voltage (10–20 kV) charged corona discharge wires in 1999,5-6 Figure 2. Göksel 
demonstrated significant improvement to an Eppler E338 airfoil performance [e.g. max,lC , max)/( dl ], 

particularly for 10,000<Re<70,000.5 For a given power input (in this case P~8.5Watts) max,lC  was shown to 
increase with decreasing Reynolds number up to 2.9 at Re=10,000. The reason for this is that the relative 
momentum input, which is directly proportional to the power input by the actuators, increased with decreasing 
free-stream velocity. 9,24 In this context, it is convenient to define the power coefficient: 
 

(3) 3
2

1 AV
PCW ρ

≡  

 
and note that 0.12≤CW≤278 for the range of Reynolds numbers considered here. The potential application of 
plasma actuators at MAV Reynolds numbers is clearly evident by comparing Figures 1 and 2. Here it is seen 
that the requirement for high LC  in the loiter regime can be met by plasma actuation. However, the relatively 
high power requirement (~8.5W) is considered a drawback and potential obstacle to application for vehicles of 
the size defined here. 
 
Recently, Corke et al. 3 employed a dielectric barrier discharge actuator in “steady” and pulsed modes at the 
leading-edge of a NACA 0015 airfoil at Re>200,000. This pioneering investigation revealed a number of 
important characteristics and limitations regarding the technique: 
 

1. Plasma actuation in steady and pulsed modes is effective in the post stall regime. 
2. At conventional low Reynolds numbers (typically Re>200,000) plasma actuation has a small effect on 

key aerodynamic coefficients (e.g. 2.0max, ≈∆ lC  and changes to (l/d)max are negligible). 
3. Plasma actuation effects deteriorate with increasing Re. 
4. Pulsed mode actuation is superior to “steady” actuation and for increasing Re, steady plasma control 

can have a slightly deleterious effect on max,lC∆ . (Both of these effects were observed previously, for 
example, using piezo-electric jet actuators). 14 

5. With pulsed mode actuation, the minimum voltage required to attach an otherwise separated flow 
occurred at F+ slightly larger than 1, consistent with the data of Nishri & Wygnanski. 18 

6. Power consumption was estimated at 65mW/cm, corresponding to 0.003≤CW≤0.01 for the range of Re 
considered (see equation (3)). 

 
In summary, small performance benefits can be expected at conventional low Re with a relatively small CW, but 
performance increases with decreasing Reynolds numbers. It has also been noted in other investigations of 
active flow control, on a variety of airfoils, that increasing the momentum of actuation by an order of magnitude 
results in only modest improvements to important indicators like Cl,max. 10 It is therefore unlikely that present 
technology actuators will find application at conventional low Reynolds numbers.  
 
On the basis of the abovementioned arguments, an experimental investigation was undertaken to assess plasma-
based control at typical MAV Reynolds numbers 20,000<Re<80,000, Figure 1. A dielectric barrier discharge 
actuator, mounted near the leading upper-edge of the airfoil, was utilized for this purpose. Unlike previous 
investigations, an attempt was made to quantify the actuator output in terms of standard boundary layer control 
parameters including both steady and unsteady momentum coefficients as well as reduced frequency. This was 
done in order to place plasma actuation within the framework of traditional1,20 as well as modern10 active flow 
control.  A parametric study was carried out in order to establish the optimum reduced frequencies, minimum 
duty cycle and minimum power input. The data were complimented by means of smoke-wire flow visualization. 
Optimization of the actuator’s design and placement were not considered.  
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III. The Experiments 
A.  Actuator Calibration Setup 
Quantifying the momentum produced by the actuator, henceforth referred to as actuator calibration, was 
conducted in a closed-loop wind tunnel with a 2m long test section of 400 x 280mm in a quiescent environment 
( 0=∞U ) and at free-stream velocities corresponding to the Reynolds numbers tested here. A splitter plate 
with an elliptical leading edge was installed in the tunnel and the actuator (Figure 3) was placed 0.57m 
downstream of the leading-edge at the test location. Sufficiently high voltages at high frequencies (in the kHz-
range) supplied to the actuator causes the air to weakly ionize at the edges of the upper air-exposed electrode. In 
the presence of the electric field gradient the ionized air produces a body force4 which manifests downstream as 
a 2-D wall jet21 with both steady (time-mean) and oscillatory components. A two-component LDA was used to 
calibrate the actuator 3mm downstream of the upper electrode, and details may be found in section 5.1.  

 

 
Figure 3.   Schematic of the plasma actuator used for the present experiments. 
 
 
B.  Airfoil Setup and Testing 
Experiments were performed on an Eppler E338 airfoil (c=17.8cm, b=50cm) mounted between circular 
endplates downstream of the exit of a 600mm and a 1200mm diameter low speed open jet wind tunnel. Lift and 
drag were measured using a two component balance and no corrections of any kind were applied to the data. 
This airfoil was previously used for flow control experiments with high voltage (10–20kV) charged corona 
discharge wires, and a full description of the setup can be found in references 5, 7 and 9. The dielectric barrier 
discharge actuator, described in section 4.1 above (Figure 3) was mounted immediately downstream of the 
airfoil leading-edge on the upper surface at x/c=1%. In separate experiments, a smoke wire was placed 
approximately one chord-length upstream of the airfoil and used for flow visualization. 
 

IV. Discussion of Results 
A.  Actuator Calibration 
Calibrating plasma actuators in-situ, i.e. on the airfoil itself, is not as straightforward as traditional boundary 
layer control involving the use of a slot for example. 20,23 In the absence of a free-stream, the plasma actuator 
draws fluid from the quiescent surroundings giving rise to an effectively steady (but actually high frequency) 
wall jet. However, when the actuator is driven in a pulsed mode, the wall jet is comprised of steady and 
unsteady components. With a free-steam present, the flow in the vicinity of the actuator is more complex, and 
the velocity at the edge of the boundary layer changes with the free-stream and angle of attack. Thus, the net 
momentum added to the flow by the actuator in the absence of a free-stream flow, will decrease. When the near-
wall velocity reaches some threshold that is larger than that of the plasma jet, the near-wall momentum is, in 
fact, depleted.   
 
To avoid time consuming calibrations at each U∞ and α, the actuator was calibrated on a flat plate where both 
quiescent and non-quiescent cases were considered. For non-quiescent calibrations, U∞ were selected that 
corresponded to the tested airfoil Re. From an active flow control point of view, we are mainly interested in the 
mean and oscillatory components of momentum. Presently, the calibration was performed for duty cycles 
between 1% and 100%, with and without the free-stream present, 3mm downstream of the actuator. 
 
Thus, the steady momentum in the jet was quantified by  
 

(4)  ∫
∞

−=
0

22 )( dyuuJ Jρ ,    
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where u  is the time-mean velocity profile without plasma actuation ( 0=u  when no free-stream is present). 
For the purpose of pulsed (or unsteady) actuation, the wave modulation method was employed where the kHz 
carrier wave is modulated by a square-wave that corresponds to low frequencies appropriate for separation 
control [3], [14]. This introduces mean ( Ju ) and unsteady ( Ju′  and Jv′ ) velocity components and thus the jet 
momentum is made up of time-mean and oscillatory component quantified by  
 

(5) ∫∫
∞∞

′+′+−=〉〈+=
0

22

0

22
tot )()( dyvudyuuJJJ JJJ ρρ , 

 
where the first term represents the steady contribution and the second term represents the oscillatory 
contribution. Note that both coherent (periodic) and incoherent (turbulent) components are lumped in the 
unsteady terms. The total momentum coefficient is thus defined as  
 
(6) 〉〈+=≡ ∞ µµµ CCcqJC /tottot,  
 
from equation (5) and can also be expressed as ),(tot, 〉〈≡ µµµ CCC . 23 For all data acquired here, the actuator 
was excited with a signal of intermittent bursts of 4kHz that were modulated in the range of 2.5 to 100 Hz. The 
duty cycle was varied from 0.66% to 100% at constant voltage in the range 8 to 10kVpp. 
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Figure 4.   Actuator calibration at 3mm downstream for different duty cycles at 0=∞U . 
 
 

LDV data at 3mm downstream of the actuator are shown for 0=∞U  and 0.83m/s in Figures 4a, b and 5a, b 

respectively. For all data acquired 22
JJ uv ′<<′  and could consequently be ignored without materially changing 

the results of equation (5). For 0=∞U , the duty cycle was gradually increased from 1% to 100%. It was noted 
that a duty cycle threshold between 2% and 4% was reached where there was a significant increase in near-wall 
unsteady momentum. Peak unsteady momentum was reached at a duty cycle of approximately 10%, Figure 4b. 
At 100% duty cycle a near-steady wall jet is formed with relatively large mean near-wall momentum, Figure 4a. 
Note that these data are not presented in terms of power coefficient as no chord length is defined in this instance 
(also see Figure 5). 
 
This data should be compared with that shown in Figures 5a and 5b. With no actuation (plasma off), a laminar 
Blasius boundary layer forms on the plate. Driving the actuator at 100% duty cycle produces a momentum 
deficit from approximately 2-3mm from the wall. This is believed to be a consequence of the vortical flow 
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associated with the wall jet, Figure 5a. Also, a mild momentum surplus is generated for all actuator duty cycles 
in the outer part of the boundary layer. At larger ∞U  (Figures 5c and 5d) the effects of the actuation on the 
boundary layer became smaller and at 6>∞U m/s (corresponding to Re=70,000) the changes were almost 
indistinguishable. Note that no distinction was drawn here between purely periodic perturbations and turbulent 
fluctuations, and consequently Ju′  is representative of the overall unsteadiness u′ . The significant effect of 
increasing the free-stream velocity on the relative momentum added to the flow can be seen in Table 1, where 
both quiescent (U∞=0) and non-quiescent (U∞≠0) calibrations are shown.  
 
The table indicates that calibrations with U∞≠0, described above, resulted in momentum coefficients up to 10 
times less than the U∞=0 case. On the airfoil it should be expected that the disparity is even larger because the 
boundary layer is significantly thinner. Consequently, (Cµ, 〈Cµ〉) may be somewhat over-predicted here. It is 
emphasized that the present approach to the calibration was adopted to avoid excessive time required to 
calibrate the actuator at all Re and α, while nonetheless not using the grossly over-predicted U∞ =0 calibration 
values shown in table 1. It will be shown below that calibrating of the actuator, by separating out the effects of 
steady and unsteady momentum coefficient, is crucial for understanding and interpreting their aerodynamic 
effect. Nevertheless, previous investigations involving plasma actuators have not adopted this approach, despite 
its widespread use in standard separation control studies. This is true for steady control1,20, purely oscillatory 
control11-12,14 as well as a combination of the two10,23.  
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Figure 5.   Normalized mean velocity and turbulence intensity generated by the plasma actuators at 
U∞=0.83m/s (10 kVpp for all duty cycles). 
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Figure 5 (contd).   Normalized mean velocity and turbulence intensity generated by the plasma actuators 
at U∞=2.5m/s (10 kVpp for all duty cycles). 

 
 

   based on U∞≠0 based on U∞=0 
duty cycle (%) U∞ (m/s) Corresponding  Re Cµ (%) 〈Cµ〉 (%) Cµ (%) 〈Cµ〉 (%) 

100 0.83 10,000 8.31 0.25 22.6 0.64 
50 0.83 10,000 5.41 0.93 –  – 
10 0.83 10,000 1.76 0.54 2.62 1.89 
100 2.50 30,000 1.05 0.025 2.49 0.07 
50 2.50 30,000 0.36 0.054 –  – 
10 2.50 30,000 0.018 0.018 0.29 0.21 
100 4.15 50,000 0.74 0.009 0.9 0.003 
50 4.15 50,000 0.38 0.014 –  – 
10 4.15 50,000 0.02 0.008 0.1 0.08 

 
Table 1.  Examples of steady and unsteady actuator calibrations at various free stream velocities in both a 
quiescent environment (with U∞=0) and and a non-quiescent environment (with U∞≠0). 
 
 
B.  Airfoil Performance Data 
The airfoil data is presented below in terms of deceasing Reynolds number, starting at typical low Re~140,000 
(conventional low Re) and reducing to ~20,000 (approximate lower MAV limit). We note that plasma control at 
100% duty cycle has a detrimental effect and reduces Cl,max , Figure 6. This is because a relatively low speed 
effectively steady jet being generated by the plasma actuator is markedly slower that in the free-stream velocity 
resulting in Cµ≈0.1% (see section 5.1). This is not only below the threshold necessary for effective separation 
control; the low momentum jet near the wall, in fact, promotes boundary layer separation as is reflected in the 
lower Cl,max. This may appear counterintuitive, but a similar effect was noted when using conventional steady 
slot blowing with uJ/U∞<1 1 and has also been observed with leading edge blowing12. To account for this, in 
reference 1 was defined a so-called net momentum coefficient for steady blowing, namely: 
 
(7) )/1(, Jnet uUCC ∞−≡ µµ  
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and correlated data on this basis. Therefore, based on the consistency between references 1 and 12 the present 
data and those of reference 3 it is evident that for “steady” (high frequency) actuation to produce a positive 
aerodynamic effect: uJ,max≈U∞, while significant effects can only be expected for uJ,max/U∞>1. 
 

Re = 140,000
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100% dc, Cµ~0.1%
 50%  dc, <Cµ>~0.005%
 10% dc, <Cµ>~0.005%
   3% dc, <Cµ>~0.001%

  
 

Figure 6.  Effect of plasma actuation (10kVpp for all duty cycles) at F+=1 on airfoil performance at 
conventional low Reynolds numbers. For the data shown: 0.003≤CW≤0.092. 

 
 

At duty cycles ≤50% corresponding to F+=1, there is a net positive effect on post-stall lift and small 
improvements to Cl,max , Figure 6.  Similar effects were first seen by Corke et al. 3 at conventional low Reynolds 
numbers at comparable CW, corresponding to 〈Cµ〉 ≤ 0.05 for the present dataset. There is very little difference 
between the data for 50% and 10% duty cycle, although the latter is slightly superior. This is not surprising as 
the actuator calibrations show that in both instances 〈Cµ〉≈0.005%. It has been noted previously10 that this is 
approximately the limit below which periodic excitation has no effect. It should also be noted that in this 
instance the steady component is not measurable, and therefore negligible, but may be slightly higher for the 
50% duty cycle case. The 3% duty cycle case is of particular interest because there is a further slight increase in 
Cl,max where 〈Cµ〉 is not reliably calibratable but estimated to be O(0.001)% with CW=0.003. The similarity of the 
data sets is significant when we account for the fact that duty cycle percentage correlates linearly with power 
input. The objective of maintaining performance while successively reducing power input is addressed in detail 
below. It is also seen that for deep post-stall angles (e.g. α=25°) all active flow control has some effect on Cl, but 
these did not produce an improvement to Cl,max. In all instances, control had a negligible effect on Cd (not 
shown). 
 
Attention was now turned to the main focus of this paper, namely the Reynolds number range 
20,000≤Re≤80,000. At Re=80,000, the near wall jet velocity approaches U∞ and the detrimental effect on Cl,max 
disappears although successive decreases in duty cycle had effects comparable to those shown in Figure 6. Also, 
in the deep stall regime, active flow control produced increases to in Cl (not shown). 
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Figure 7.  Effect of plasma actuation (10kVpp) at F+=1 on airfoil performance at Reynolds numbers 
Re=65,000; 3% duty cycle corresponds to 〈Cµ〉≈0.01%. 
 
 
At Re=65,000 the baseline clean airfoil performed poorly, but its performance improved with the addition of 
either 2D or 3D tripping, Figure 7a. 2D tripping was slightly superior, but the airfoil still suffered from 
significant hysteresis. In contrast, pulsed control at F+=1 and 3% duty cycle virtually eliminating hysteresis and 
produced a slight increase in Cl,max, Figure 7b.  

 
At Re=50,000, data was acquired for both passive tripping (Figures 8a and 8b) as well as control at F+=1.0, 
where the effect of plasma actuation can be far more clearly observed, Figures 8c and 8d. As mentioned above, 2 
and shown in Figures 8a and 8b, it is difficult to effectively promote transition passively at these Reynolds 
numbers, although the 2D trip was more effective than the 3D trip and Cl,max≈0.8 was achieved. The reason that 
the 2D trip was more effective can be explained in the following manner. It is well known that transition can be 
forced in an attached boundary layer, at sufficiently high Re, using three-dimensional turbulators or roughness 
that renders the resulting turbulent boundary layer less susceptible to separation. However, it is also well known 
that two-dimensional disturbances are effective in promoting transition in a separated, or separating, shear layer. 
For this present case at Re=50,000, since the flow separates near the leading-edge, we hypothesize that the 
periodic vortices generated by the two-dimensional trip induces at least partial transition in the separating shear 
layer. 

 
In this paper an attempt was made to compare the control cases with the best passive result, and thus all 
actuation data presented in the remainder of this paper were compared with that of the 2D trip. For control using 
plasma, the 100% duty cycle actuation has a net positive effect on Cl,max and this is because it generates a steady 
wall jet that is comparable to the free-stream velocity, corresponding to Cµ=0.74% (see Table 1). Successive 
reductions in duty cycle clearly result in improvements in performance, both with respect to the Cl – α linearity 
as well as Cl,max. Note, in addition, that Cl,max is larger than that at the higher Reynolds number, Figure 6. It is 
assumed that this is due to the larger Cµ values which increase as a consequence of the reducing free-stream 
velocity. This runs counter to the typical baseline trends and has clear potential for reducing loiter speed 
discussed in the introduction. Note, however, that Cd is not significantly affected. 

 
Traditional steady separation control is usually characterized by a proportionality between performance 
indicators (e.g.  Cl,max) and Cµ, 1 but this is not always the case when control is periodic. 10 For the data present in 
Figures 8c and 8d, the improvement in performance with decreasing duty cycle for 50% and 10% can be 
explained with reference to the calibration data shown in table 1. Here we note that (Cµ,〈Cµ〉) = (0.38,0.014)% 
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and (0.02, 0.008)% for the two instances respectively, namely a nineteen times reduction in Cµ and only a 1.75% 
reduction in 〈Cµ〉. In the 50% duty cycle case, the mean component plays a more dominant role, while excitation 
is secondary but still effective. In the 10% duty cycle case, the steady component effect falls away as it is 
negligible, while the oscillatory component dominates. Performance continues to improve further as the duty 
cycle is reduced from 10% to 3%, despite significant reductions in both steady and oscillatory components of 
overall near wall momentum (cf. Figure 4). This is a perplexing phenomenon, but has practical ramifications 
when it is considered that power supplied to the actuators is proportional to duty cycle. 
 

Re = 50,000

0

0.5

1

1.5

-10 0 10 20α (°)

Cl

Baseline: 2D trip
100% duty cycle
 50% duty cycle
 10% duty cycle
   3% duty cycle

Re = 50,000

0

0.5

1

1.5

CL

Baseline: clean airfoil

Baseline: 2D trip

Baseline: 3D trip

(a) (b)

(c) (d)

Re = 50,000

Baseline: clean airfoil

Baseline: 2D trip

Baseline: 3D trip

Re = 50,000

0 0.05 0.1 0.15 0.2Cd

Baseline: 2D trip
100% duty cycle
 50% duty cycle
 10% duty cycle
   3% duty cycle

Re = 50,000

0

0.5

1

1.5

-10 0 10 20α (°)

Cl

Baseline: 2D trip
100% duty cycle
 50% duty cycle
 10% duty cycle
   3% duty cycle

Re = 50,000

0

0.5

1

1.5

CL

Baseline: clean airfoil

Baseline: 2D trip

Baseline: 3D trip

(a) (b)

(c) (d)

Re = 50,000

Baseline: clean airfoil

Baseline: 2D trip

Baseline: 3D trip

Re = 50,000

0 0.05 0.1 0.15 0.2Cd

Baseline: 2D trip
100% duty cycle
 50% duty cycle
 10% duty cycle
   3% duty cycle

 
 
Figure 8.  Effect of passive tripping and plasma actuation (10kVpp for all duty cycles) at F+=1 on airfoil 
performance at Reynolds numbers Re=50,000. 

 
 

Figure 9 is correlated with Figures 8c and 8d and shows examples of flow visualization photographs at different 
duty cycles for α=18° at Re=50,000 without and with the plasma actuator operational. In Figure 9a, with the 
actuator off, the flow separates at the leading edge producing a large unsteady wake. With the actuator at 100% 
duty cycle (figure 9b), the wake region in is visibly narrower but the streamlines can still be seen separating 
from near the leading-edge. Only in the instances where the duty cycle is ≤50% are the streamlines seen to be 
following the leading-edge region of the airfoil producing attached flow, Figure 9c-9f. At the low duty cycles 
(figure 9d-9f) up to two vortical structures are visible on the airfoil surface at any instant. It is not discernable 
from these photographs how control with 3% duty cycle generates slightly more lift than control with 10% duty 
cycle. 
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(a) 0% duty cycle (0kVpp)                          (b) 100% duty cycle 

 

    
                (c) 50% duty cycle  (F+=1)                         (d) 10% duty cycle (F+=1) 

 

    
            (e) 3% duty cycle (F+=1)                             (f) 1% duty cycle (F+=1) 

 
Figure 9.  Smoke wire flow visualizations at α=18° with 10kVpp and F+=1 at Re=50,000. 
 

C.  Optimization Study 
For a given application, in this case performance enhancement at MAV Reynolds numbers, a comprehensive 
optimization study should consider two separate, but related, aspects of the problem. The first has to do with 
strictly aerodynamic aspects, e.g. optimum actuator placement, optimum F+ or minimum 〈Cµ〉, and hence power, 
for which performance is maintained or improved. The second has to do with specifics of the actuator design, 
including electrodes and dielectric properties (thickness and dielectric coefficient) and the driving electronics 
utilized for generating the plasma. Here attention must be paid to various power losses, for example due to 
reactive power, dielectric heating and those due to plasma maintenance power. 22 In the present work, mainly the 
aerodynamic aspects were considered while actuator design aspects were not addressed. Consequently, no 
optimization studies were performed to reduce losses due to reactive power by impedance matching the high 
frequency power supply to the plasma actuator. The losses due to dielectric heating and maintenance power 
were kept to a minimum by driving the plasma with lower ionization frequencies still sufficient to ignite a glow 
discharge. 

 
It was observed that successive reductions in Reynolds number to 35,000 and 20,500 showed ever greater 
effects on control and thus the optimization study was conducted in the range 20,500≤Re≤50,000. Employing 
3% and 5% duty cycles and placing the airfoil at a post stall angles of attack (α=14° and 18°), frequency scans 
were performed for the range 0.25≤F+≤10.4, Figure 10. At all reduced frequencies shown here, there is a 
positive effect on post-stall lift and at the higher angles of attack the variation is fairly gradual. Nevertheless, for 
all data sets, the optimum is seen to be at F+≈1 and this is consistent with conventional low Reynolds number 
data. 10 
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Figure 10.  Effect of reduced frequency on post-stall airfoil lift at different Reynolds numbers. Plasma at 
10kVpp and 4kHz. 
 
 
Figure 11 is correlated with Figure 10 and shows examples of flow visualization photographs at different 
reduced frequencies for α=18° at Re=20,500 without and with the plasma actuator operational. Larger lift is 
generally associated with larger downward deflection of the streamlines. Here it can be seen that the greatest 
deflections occur at F+=1 (cf. Figure 11a and 11b) and that the wake increases in thickness with increasing F+ 
(Figures 11c and 11d). 
 

   
                           (a) 0% duty cycle (F+=0)                              (b) 3% duty cycle (F+=1)                        
 

   
                             (c) 3% duty cycle (F+=2)                              (d) 3% duty cycle (F+=3) 

 
Figure 11.  Smoke wire flow visualizations to show effect of reduced frequency at α=18° with 10kVpp at 
Re=20,500; 〈Cµ〉≈0.05% and duty cycle = 3%. 
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Figure 12.  Effect of duty cycle on post-stall airfoil lift with plasma at 10kVpp and 4kHz for various 
Reynolds numbers. Corresponding measured power coefficient for Re=20,500 also shown. 

 
 

Corke et al. 3 observed, using pulsed plasma actuators, that the voltage (assumed proportional to 〈Cµ〉) required 
to attach a post-stall separated flow was a minimum when F+ was slightly larger than 1. A similar effect was 
observed when attaching a separated shear layer to a flap by means of periodic excitation. 18  
 
Further attempts at optimization considered variation of the duty cycle. It was observed that the optimum lies 
somewhere between 3% and 8% (Figure 12), and this corresponds to the range there are significant increases to 
the oscillatory momentum that is added to the flow (see section 5.1). However, the difference between the lift 
generated at optimum and non-optimum duty cycles, even up to 100%, differs by a small amount. As mentioned 
previously, this is significant because it means that similar performance benefits can be attained at a fraction of 
the power input. The effect of duty cycles is considered in more detail below. 
 
Figure 13 is correlated with Figure 12 and shows examples of flow visualization photographs at different duty 
cycles for α=18° at Re=20,500 without and with the plasma actuator operational. At 100% duty cycle (cf. 
Figures 13a and 13b), uJ,max>U∞, and this corresponds to Cµ=2.1% which is typical of values used for steady 
active control at conventional low Reynolds numbers. Note, however, that the flow is not fully attached to the 
surface. In this context, it is noted that for a steady jet at approximately Cµ>4% separation control is superseded 
by circulation control, but this was not attainable in the present experiments for Re≥20,500.  
 
Furthermore, it appears that the mechanism for lift enhancement at high duty cycles (e.g. Figures 13c and 13d) 
is different to that at lower duty cycles (e.g. Figure 13f), even though the lift enhancement is similar. In the 
former case, there is a relatively strong steady component combined with the pulsed unsteady component. This 
results in streamlines near the leading-edge approximately following the contour of the airfoil. However, in the 
latter case distinct vortices are formed that appear to extend more than ½ of the airfoil chord. As observed 
previously, there appear to be at least two vortices present on the airfoil surface at any instant. Despite the 
different lift enhancement mechanisms, the resulting Cl does not vary significantly, Figure 12. 
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(a) 0% duty cycle (0kVpp)                          (b) 100% duty cycle 

 

    
               (c) 90% duty cycle (F+=1)                            (d) 50% duty cycle (F+=1) 

 

       
            (e) 30% duty cycle (F+=1)                            (f) 10% duty cycle (F+=1) 

 
Figure 13. Smoke wire flow visualizations to show effect of duty cycle on post-stall (α=18°) airfoil lift with 
10kVpp (4kHz) at Re=20,500. 
 
 
Further optimization was attempted by studying the effect of input voltage on the Cl versus α performance at 
Re=20,500 which is considered to be near the low end of the MAV Reynolds number range. It was determined 
that for V=10kVpp (corresponding to 5mW/cm; 〈Cµ〉=0.05%), the effect on the airfoil performance is clearly 
significant (Figure 14) and Cl,max is larger than at higher Reynolds numbers (cf. Figures 6, 7b and 8c). Note that 
here the optimum F+ and duty cycles have been used. Data was generated for increasing α  (filled symbols) and 
decreasing α  (open symbols). 

 
Note that below 10kVpp (8kVpp, corresponding to 4mW/cm; 〈Cµ〉=0.04%) the Cl versus α  curve is highly 
non-linear where the airfoil appears to stall, but with increasing α  begins once again to generate lift. This non-
linear feature also has very little impact on Cl,max. It is of interest to note this non-linear feature does not show 
any significant hysteresis as the trend repeats for decreasing α  (Figure 14). Similar observations were also 
made by O’Meara and Mueller on uncontrolled airfoils at Re~45,000,19 and they attributed the non-linear 
behavior to a separation bubble on the upper surface. Apparently, a longer bubble is associated with a decrease 
in the lift curve slope. It is not entirely clear here, however, how the bubble lengthens and then shortens in the 
presence of active control.  
 
Figure 15 shows examples of flow visualization photographs at 3% duty cycle for α=20° (in the vicinity of 
Cl,max) and α=25° at Re=20,500 without and with the plasma actuator on. These cases are of particular interest 
because similar images could be repeated, at both α, even though no attempt was made to synchronize the 
shutter phase. In all instances, a leading-edge vortex was evident, followed downstream by a vortex that had 
dramatically increased in size normal to the airfoil surface. This large vortex appeared to “stall” momentarily on 
the airfoil before being shed into the wake (also see Figures 17 and 18), possibly due to the increasing pressure 
towards the trailing-edge. It seems, therefore, that the vortices are “trapped” on the upper surface of the airfoil 
and this mechanism is responsible for the enhanced lift. We also note here, as in Figure 13, that typically two 
vortices are present on the wing at any instant. 
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Figure 14. Effect of plasma actuation (8kVpp and 10kVpp at 4kHz) on airfoil performance at a low MAV 
Reynolds number illustrating non-linear behavior at low power input and duty cycle = 3%. 

 
 

  
        (a) 0% duty cycle (F+=0) (α=20°)               (b) 3% duty cycle (F+=1) (α=20°) 
 

  
              (c) 0% duty cycle (F+=0) (α=25°)               (d) 3% duty cycle (F+=1) (α=25°) 
 
Figure 15. Smoke wire flow visualizations to show effect of plasma actuation at α=20° and α=25° with 
10kVpp (4kHz) at Re=20,500; 〈Cµ〉≈0.05% and duty cycle = 3%. 
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Figure 16. Effect of plasma actuation (10kVpp, 9kVpp) on airfoil performance at a low MAV Reynolds 
number illustrating non-linear behavior at very low power input and duty cycles; CW=5.9 and 2.0 
respectively, and 〈Cµ〉<0.01%. 

 
 
Finally, an effort was made to reduce the duty cycle even further while maintaining Cl,max. Figure 16 shows 
results for 1% and 0.66% duty cycle with voltages of 10kVpp and 9kVpp. The excitation frequency was 10Hz 
corresponding to a reduced frequency of O(1). For these data the momentum input could not be reliably 
calibrated and the momentum coefficient 〈Cµ〉<0.01%. It was therefore deemed more meaningful to also present 
the results in terms of milliwatts/cm as shown in Figure 16. It is clear that the lift slope remains highly non-
linear, but at the lowest power input, namely 1.2mW/cm, there is no reduction in Cl,max. In fact, the lift slope 
now appears similar to the higher Reynolds number data of ref. 17. Figures 17 and 18 illustrate that the “vortex 
trapping” mechanism described above is still active as the duty cycle is successively decreased. 
 
In dimensionless terms, the minimum CW achieved here is approximately 650 time larger than that required at 
Re=140,000 and the Cµ differs by and order of magnitude. Note however, that the differences in performance 
are not comparable: at Re=140,000 Cl,max increases by 0.06 (comparable to reference 3) while at Re=20,500 an 
airfoil that otherwise does not generate useful lift achieves better performance than at conventional low 
Reynolds numbers. 
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              (a) 0% duty cycle (F+=0) (α=10°)               (b) 1% duty cycle (F+=1) (α=10°) 
 

   
              (c) 0% duty cycle (F+=0) (α=18°)               (d) 1% duty cycle (F+=1) (α=18°) 

  
      (e) 0% duty cycle (F+=0) (α=20°)              (f) 1% duty cycle (F+=1) (α=20°) 
 

  
      (g) 0% duty cycle (F+=0) (α=25°)              (h) 1% duty cycle (F+=1) (α=25°) 
 

Figure 17. Smoke wire flow visualizations to show effect of plasma actuation at α=18°, α=20° and α=25° 
with 10kVpp (4kHz) at Re=20,500; 〈Cµ〉≈0.01% and duty cycle = 1%. 
 

   
        (a) 0% duty cycle (F+=0) (α=20°)              (b) 0.66% duty cycle (F+=1) (α=20°)            
 

   
        (c) 0% duty cycle (F+=0) (α=25°)              (d) 0.66% duty cycle (F+=1) (α=25°)            

 
Figure 18. Smoke wire flow visualizations to show effect of plasma actuation at α=20° and α=25° with 
10kVpp at Re=20,500; 〈Cµ〉<0.01% and duty cycle = 0.66%. 
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Further optimization studies were not conducted and an exhaustive range of high-frequency actuation was not 
attempted. However, similar experiments were performed by driving the plasma actuators with 5kHz and higher 
frequencies. Similar aerodynamic results (not shown) were obtained but it was noted that with increasing plasma 
frequency at constant voltage the power consumption increased. This was assumed to be due to dielectric 
heating. 22 Frequencies lower than 4kHz were also not employed due to insufficient cycles present when pulse-
modulation was introduced in the Hz-range with low duty cycles. 

V. Conclusions 
Recent publications show the increasing interest in low Reynolds number flow control experiments using 
dielectric barrier discharge actuators.25-33 The present investigation considered separation control using steady 
and pulsed dielectric barrier discharge actuation on an airfoil at typical MAV Reynolds numbers. Pulsing was 
achieved by modulating the high frequency plasma excitation voltage. The actuators were calibrated directly and 
variations of the duty cycle showed large differences between the steady and unsteady components of 
momentum addition. Calibration of the actuators provided a basic explanation of the observed airfoil 
performance. For example, relatively low momentum steady actuation was detrimental at Re>100,000, while 
beneficial at Re=50,000 due to the four-fold increase relative momentum addition.  
 
Modulating the actuators at frequencies corresponding to F+≈1, resulted in improvements to Cl,max, which 
increased with reductions in Re. At the low end of the MAV Reynolds number range (Re=20,500) modulation 
increased Cl,max by more than a factor of 2. In addition, hysteresis associated with the baseline airfoil was 
eliminated. Of particular interest from an applications perspective was that performance, measured here by 
Cl,max, increased with decreasing duty cycle, and hence power input, for duty cycles ≥3%. Even lower duty 
cycles, around 0.66%, were sufficient for effective separation control, corresponding to power inputs on the 
order of 1.2 milliwatts per centimeter. At these low duty cycles it appeared that a “vortex trapping” mechanism 
was responsible for the observed lift enhancement.  
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