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Vortical Patterns in the Wake of an Oscillating Airfoil 

Manoochehr M. Koochesfahani*   
California Institute of Technology, Pasadena, California 

The vortical flow patterns in the wake of a NACA 0012 airfoil pitching at small amplitudes are studied in a 
low-speed water channel. It is shown that a great deal of control can be exercised on the structure of the wake 
by the control of the frequency, amplitude, and also the shape of the oscillation waveform. An important 
observation in this study is the existence of an axial flow in the cores of the wake vortices. Estimates of the 
magnitude of the axial flow suggest a linear dependence on the oscillation frequency and amplitude. 

Introduction 
HE classical unsteady aerodynamic theory of oscillating 
airfoils1, 2 was developed as a result of interest in aircraft 

flutter problems. This theory later found extensive use in bio-
fluid-dynamics, because the propulsion of certain species of 
birds, insects, and aquatic animals is characterized by a 
heaving and pitching motion of a high aspect ratio wing or 
fin.3-4 The main ingredients of the classical analysis are the 
two-dimensional potential flow along with linearized boundary 
conditions, small perturbation velocities, and the assumption 
of a planar vortex wake. The effects of nonlinear processes 
such as rolled-up wake patterns have been addressed using 
numerical techniques.5-7

In comparison with the many theoretical and numerical 
studies that have been devoted to the subject of oscillating 
airfoils, quite a few experimental results appear to be avail-
able. Among the available experimental investigations, most 
have concentrated on measuring the forces on oscillating 
wings,8-10 whereas studying the characteristics of the wake 
seems to have received lesser attention. Bratt's11 smoke flow 
visualization of the vorticity roll-up in the wake of a wing 
performing rolling oscillation is one of the earliest works on 
wake flow patterns and has been used for verification of the 
numerical techniques mentioned above. 

Sinusoidal oscillation of an airfoil has been the traditional 
form of periodic oscillation studied theoretically, numerically, 
and experimentally. In the present work, the effect of both 
sinusoidal and nonsinusoidal shape of the waveform on the 
vortical patterns in the wake of a pitching airfoil is investi-
gated. Qualitative features are determined from flow visual-
ization pictures. Laser Doppler velocimetry is utilized to ob-
tain quantitative measurements of the mean streamwise velocity 
component. Using the velocity profiles, the dependence of the 
airfoil drag/thrust on the oscillation amplitude and frequency 
is determined. The existence of an axial flow in the cores of the 
wake vortices is pointed out. Its origin and dependence on the 
oscillation amplitude and frequency are discussed. 

Experimental Facility and Instrumentation 
These experiments were performed in the Low Speed Water 

Channel of the Graduate Aeronautical Laboratories of Cali-
fornia Institute of Technology (GALCIT). The airfoil was 
based on the NACA 0012 wing section with a chord of C = 8 
cm, a span of b = 39 cm, and was pivoted about the ¼-chord 
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point. The airfoil was fitted with end plates because, due to 
mechanical linkage requirements, the span was smaller than 
the channel width (45 cm). A shaker coil mechanism in con-
junction with a closed-loop feedback servosystem drove the 
airfoil to the desired angular position in pitch (Fig. 1). With 
this setup, the airfoil angular position followed a command 
signal that, for these measurements, originated from a func-
tion generator (HP3314A). The mean angle of attack, the 
amplitude A , the frequency, f, and the shape of the 
oscillation waveform could be independently controlled. 

The effect of nonsinusoidal oscillation is demonstrated in 
terms of a symmetry parameter S, which is the percentage of 
a period (in one cycle) required to reach the maximum ampli-
tude starting from the minimum amplitude. When S = 50% 
the waveform is sinusoidal, whereas a value of S larger 
(smaller) than 50% corresponds to a slower (faster) rate of 
pitch-up than pitch-down. See Fig. 2 for sample waveform 
shapes. 

The wake flow was visualized using food coloring issued 
from small injection tubes imbedded in the airfoil trailing edge 
and was subsequently recorded on photographic film by a 35 
mm camera. The streamwise component of the velocity vector 
was measured by a single-channel, frequency-shifted laser 
Doppler velocimeter (LDV) in the dual scatter mode. The 
Doppler burst was processed by a Tracking Phase-Locked 
Loop (in-house design by P. E. Dimotakis), whose output 
frequency was measured by a Real Time Clock card interfaced 
to a PDP-11/73 computer. 

Results and Discussion 
For the results reported here, the free-stream velocity was 

approximately U∞ ≈ 15 cm/sec, resulting in a chord Reynolds 
number of 12,000 and a reduced frequency of k = 2ΠfC/ 
2U∞ = 1.67 (f /Hz). The mean angle of attack was set to zero 
so that the angle of attack of the airfoil varied between - A 
and A, A being the amplitude of pitch waveform. The natural 

T 

Fig. 1    Schematic  of  servosystem  for  control  of  airfoil  angular 
position.
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Fig. 2    Examples of pitch waveforms. Upper trace: airfoil angular position. Lower trace: command signal. 

 
Fig. 3   Wake of a NACA 0012 airfoil pitching sinusoidally about  
¼ -chord point. Flow is from right to left. 

Karman vortex shedding frequency for the stationary airfoil at 
zero angle of attack was about 5.2 Hz. 

Sinusoidal Oscillation 
The sequence of pictures in Fig. 3 shows the dependence of 

the wake structure on the oscillation frequency for a sinu-
soidal (S = 50%) pitch waveform. The flow is from right to 
left and the downstream distance visible on the photographs 
corresponds to approximately 3.75 chord lengths. It can be 
seen that, at low frequencies, a smoothly undulating wake is 
formed which carries the Karman vortices shed by the natural 
wake. At higher values of the frequency, the wake displays 

 
Fig. 4    Mean velocity profile at X/C = 1 for the case A = 4 deg, f 
= 1.85 Hz. 

characteristic vortex patterns similar to those observed by 
Bratt11 and Thomas and Whiffen.12 Inviscid numerical calcu-
lations of Katz and Weihs13 exclude the natural Karman vortex 
shedding and suggest a value for the "critical" reduced fre-
quency, k >2, above which the wake rolls up into discrete 
concentrations of vorticity (such as Figs. 3b-e). Below this 
frequency, the wake has the form of an undulating vortex 
sheet (but with no Karman vortices) similar to Fig. 3a. Even 
though their value of critical k agrees with the data of Fig. 3, 
caution should be exercised in the comparison. We have gener-
ally observed that the frequency for vortex roll-up decreases as 
the oscillation amplitude increases. One would expect a similar 
behavior to exist in numerical calculations. Therefore, the use 
of a universal critical reduced frequency does not seem to have 
much significance. 

Figure 3b shows a special case where two vortices of the 
same sign are shed on each half-cycle of the oscillation. The 
mean velocity profile for this case (Fig. 4) shows that this 
vortex pattern corresponds to a double-wake structure. The 
pattern remained stable (i.e., fixed pattern) all the way to the 
farthest downstream distance (X/C ≈ 30) at which the wake 
was observed. A similar stable configuration could not be 
sustained at low amplitudes (e.g., fewer than 2 deg). At higher 
amplitudes, it was possible to generate a stable pattern consist-
ing of three same-sign vortices shed per half-cycle of the 
oscillation. 

At higher frequencies, an alternating vortex pattern is 
formed such that the vortex with a positive (counter-clock-
wise) circulation is located on top and the one with negative 
circulation on the bottom (Figs. 3d and 3e). This arrangement 
is opposite that of a typical Karman vortex street observed in 
wakes and, in fact, this pattern corresponds to a "jet." The 
mean velocity profiles measured at X/C = 1, shown in Fig. 5, 
also confirm this behavior. In this figure, it can be seen that 
the usual wake profile with velocity deficit (i.e., an airfoil with 
drag) can be transformed into a wake with velocity excess (no 
longer a wake but actually a jet, i.e., an airfoil with thrust) 
above a certain frequency. It should be noted that the jet-like 

 

(a) 
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Fig. 6    Variation of force coefficient with reduced frequency. 

S=61%

S=38%

vortex pattern corresponding to a thrust-generating body is a 
well-known phenomenon and was described by Von Karman 
and Burgers14 for the case of a flat plate in transverse oscilla-
tion. 

Figure 5 also shows that a condition (A = 2 deg, / = 4 Hz) 
exists at which the wake has no momentum deficit or excess 
(i.e., an airfoil with no drag). This condition occurs when the 
alternating vortices are positioned exactly on a straight line as 
seen in Fig. 3c. The vortex pattern showed no tendency to 
deviate from this alignment as it moved downstream. As a 
result of this, the mean velocity profile, U, measured at X/ 
C = 3 (not shown here), was also approximately uniform at 
the free-stream value much the same way at X/C = 1 (Fig. 5). 
Note that this implies that the gradients of U in both stream-
wise and transverse directions are nearly zero for this special 
case. 

The mean velocity profile U{y) can be used to estimate the 
mean streamwise force on the airfoil. With the usual normal-
ization of the force with the freestream dynamic head and the 
airfoil chord, the force coefficient is given by 

 
where the contributions due to the fluctuating quantities and 
the pressure term have been neglected. A negative value of CF 
corresponds to drag and a positive value implies thrust. A plot 
of CF versus reduced frequency is shown in Fig. 6 for oscilla-
tion amplitudes of 2 and 4 deg. The classical theory15 indicates 
that the inviscid oscillation of a flat plat around the ¼ -chord 

 
Fig. 7   Wake patterns for nonsinusoidal oscillation waveform. 

point starts producing thrust at a critical reduced frequency of 
about k = 1. We note, however, that in the present experiment 
thrust is produced at a higher reduced frequency. This dis-
crepancy may be expected because here there is a substantial 
viscous drag to be overcome that does not of course exist in 
the inviscid case. Also, within the linear assumptions of the 
theory, the oscillation amplitude does not affect the predicted 
critical value of A:, in disagreement with the data of Fig. 6. 
Even though one might be tempted to interpret the observed 
effect of the amplitude as a truly nonlinear effect, other diffi-
culties complicate the issue. Before any comparison between 
the present low Reynolds number case and inviscid calcula-
tions can be attempted, it may be necessary that the oscillation 
amplitude  be  "reasonably"  large compared to,  say,  the 

Fig. 5    Mean velocity profiles in the wake of a sinusoidally pitching 
NACA 0012 airfoil (X/C = 1), A = 2 deg. 

S=61%

S=63%

S=65%

S=67%
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Fig. 8    Mean velocity profile at X/C = 1 for the case A = 2 deg, f 
= 4.0 Hz, s = 38%, and the corresponding vortex arrangement. 

boundary-layer thickness at the airfoil trailing edge. In sup-
port of this, it should be mentioned that when the oscillation 
amplitude was reduced to 1 deg, no evidence of thrust was 
found up to k = 11. Conversely, the amplitude cannot become 
"too" large if a comparison with a linear theory is to be 
sensible. It is not currently clear at what amplitude a fair 
comparison between this experiment and inviscid theory 
should be made. 

Nonsinusoidal Oscillation 
The shape of the pitch waveform has a strong effect on the 

vortical patterns in the wake as demonstrated in Fig. 7. At a 
given frequency, by simply changing the shape of the wave-
form, it is possible to generate a variety of complex vortex-
vortex interactions. The general observation is that a single 
strong vortex is formed during the fast part of the cycle, 
whereas more than one vortex (of the same sign) forms on the 
slow cycle. For example, in Fig. 7a, two vortices of the same 
sign are shed during the slow cycle. The number of vortices 
shed during the slow cycle increases with the oscillation ampli-
tude as can be seen in Fig. 7b. Note, in this figure, how the 
pairing events are modified and delayed as the waveform 
shape changes slightly. It is known that the motion of more 
than three point vortices is sensitive to initial conditions and 
could result in chaotic motions (see Ref. 16). The strong 
dependence of the wake vortex pattern on boundary condi-
tions at the trailing edge observed here may be a related 
phenomenon. Figure 7c shows a particularly interesting case 
where a single vortex that starts above the wake goes through 
the wake and ends up on the bottom unscathed. 

These modifications of the wake structure occur as a result 
of the manipulation of the strength (circulation) and spacing 
of the vortices shed into the wake, which subsequently interact 
as they convect downstream. To the extent that these vortices 
are the carriers of momentum and energy in the wake, the load 
history on the airfoil may be expected to be strongly affected. 
Figure 8 shows an example of the extent of the wake modifica-
tion as displayed by the mean velocity profile measured for the 
case S = 38% of Fig. 7a. It can be seen that in the same 
"wake" both wake and jet structures are present. This pecu-
liar behavior becomes readily apparent upon inspection of the 

Fig. 9 Plan view showing the axial flow in the vortex cores (sinu-
soidal oscillation). Flow is from right to left. Right edge of photo-
graphs coincides with airfoil trailing edge. 

arrangement of the vortices for this case (see the close-up 
accompanying Fig. 8). 

Axial Flow in Vortex Cores 
The wake is generated here by two-dimensional motions of 

a geometrically two-dimensional body. The resulting flow, 
however, is not two-dimensional and an axial flow exists in the 
cores of the wake vortices (see Fig. 9). The four dye streaks in 
this plan view of the wake were placed roughly symmetrically 
with respect to the water channel centerline and were approx-
imately one chord length apart. The axial flow takes the form 
of a spiraling of the vortex core fluid away from the channel 
side walls toward the channel centerline. Evidence of this type 
of flow three-dimensionality can also be found in the flow 
visualization pictures of Cornish17 and in the rolling wing 
experiment of Bratt11 where he states that "vortices were seen to 
be spiraling out in a spanwise direction from root to tip." 

The magnitude of the axial flow appears to depend on both 
the frequency and amplitude of oscillation and is believed to 
be tied directly to the vortex circulation. For example, Fig. 9 
shows increased axial velocity when the frequency is increased. 
This is manifested by the shorter downstream distance where 
the convected dye in the vortex cores reaches the channel 
centerline. The dependence of this distance, L, on the oscilla-
tion frequency was derived from plan view photographs and is 
shown in Fig. 10. An estimate of the average axial flow veloc-
ity W in the vortex cores is presented in Fig. 11. The values of 
W were calculated from the L/C data of Fig. 10 assuming a 
constant axial speed and a vortex convection speed of Uc using 
the relation W/Uc = 1.9/(L/C). The constant 1.9 is a geomet-
ric factor resulting from the positions of the dye streaks in the 
plan view picture (e.g., Fig. 9). For the range of parameters 
studied here, the vortex convection speed Uc varies very little 
and is close to the free-stream speed U∞ so that W/Uc in Fig. 
11 is approximately equal to W/U∞. The data in Fig. 11 
indicate that the magnitude of the axial speed increases almost 
linearly with the oscillation frequency. Comparing results at 
the same frequency (f = 4 Hz) and two different amplitudes 
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Fig. 11    Estimated axial velocity in the vortex cores. 

suggest a linear dependence on the amplitude also. It should 
be noted that the magnitude of the axial flow can be a sizable 
fraction of the free-stream velocity (W / U∞ ≈ 0.65). 

The nature of the vortex core axial flow is not fully under-
stood. It is believed that the axial flow is initially generated 
due to the interaction of a concentrated two-dimensional vor-
tex with a bounding wall (in this case, the water channel side 
walls). The no-slip boundary condition at the wall as the 
major ingredient for the initiation of the axial flow is shown in 
Fig. 12. This plan view of the wake is similar to Fig. 9, except 
that only the middle two dye streaks are shown. In Fig. 12a, 
the flow in the vortex cores moves in the direction away from 
the channel side walls similar to Fig. 9. Upon insertion of a 
false wall in between these two dye streaks (Fig. 12b), the flow 
direction is reversed. The magnitude of the axial flow appears 
to be the same with or without the false wall. Hence, it is only 
necessary that the no-slip condition be present on the side 
walls, and the actual thickness of the side wall boundary layers 
is of secondary importance. We mention here that a strong 
effect of side walls has also been observed in the forced wake 
(by oscillating one free-stream) behind the trailing edge of a 
splitter plate under certain forcing conditions.18 But there it 
appears that the entire flow in the channel is affected and 
moves away from the side walls. In the present case, the axial 
flow exists only within the vortex cores and the vortices them-
selves are not ''bent away" from the side walls (see Fig. 9). 

Once the axial flow is initiated at a wall, it seems to propa-
gate along the core of the vortex in a wave-like manner. This 
feature may have a connection with the recent theoretical 
work of Lundgren and Ashurst.19 Fig. 9 shows that the pre-
dominant axial flow is away from the channel side wall toward 
the channel midspan for all the vortices. We have observed 
cases where the direction of the axial flow depends on the sign 
of the circulation of the vortex. But this occurs only for the 

 
Fig. 12 Effect of a false wall on the axial flow in the vortex cores, 
A =2 deg, f = 4.0 Hz, sinusoidal oscillation. 

first few vortices nearest the airfoil trailing edge. As the vor-
tices move farther downstream, the axial flow along all the 
vortices will move in the same direction (i.e., toward the 
channel centerline). 

Conclusions 
The structure of the wake of a pitching airfoil can be sub-

stantially modified by control of the amplitude, frequency, 
and shape of the oscillation waveform. At a given frequency 
and amplitude, a variety of complex vortex-vortex interactions 
can be generated by simply changing the shape of the wave-
form. In the present method of flow control, the mean flow 
itself is drastically affected by the airfoil oscillation. For ex-
ample, the usual wake profile with velocity deficit can be 
transformed into a jet profile with velocity excess. This is to be 
contrasted with the milder effect of other forms of flow con-
trol such as acoustic excitation in free shear layers and jets, 
where the mean flow generally retains its shape. 

The pitching airfoil in this experiment produces thrust at a 
higher reduced frequency than that indicated by the calcula-
tions based on the classical linear inviscid theory. In addition, 
the value of the critical reduced frequency for thrust genera-
tion appears to depend on the oscillation amplitude. An axial 
flow is observed in the cores of the wake vortices. Results 
suggest that the magnitude of the axial flow increases approx-
imately linearly with both the amplitude and frequency of 
oscillation. It is argued that the axial flow is the result of the 
no-slip boundary condition enforced on the wake vortices by 
the channel side walls. The details of this flow, particularly its 
wave nature, require further work. 

The types of wake modification that have been demon-
strated in this work need to be pursued further in order to 
determine their effects on the body itself (e.g., lift and drag). 
Furthermore, the independent control of the various parame-
ters of the oscillation waveform provides an excellent opportu-
nity to produce many interesting and complicated vortex pat-
terns whose stability and interactions are worthy of study in 
their own right. 
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