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An unusually low-frequency oscillation in the flow over an airfoil is studied 
experimentally as well as computationally. Wind-tunnel measurements are carried 
out with two-dimensional airfoil models in the chord Reynolds number (R,) range of 
0.15 x 105-3.0 x lo5. During deep stall, at a 2 18”, the usual ‘bluff-body shedding’ 
occurs a t  a Strouhal number, St, z 0.2. But at the onset of static stall around 
a = 15”, a low-frequency periodic oscillation is observed, the corresponding St, being 
an order of magnitude lower. The phenomenon apparently takes place only with a 
transitional state of the separating boundary layer. Thus, on the one hand, it is not 
readily observed with a smooth airfoil in a clean wind tunnel, while on the other, it 
is easily removed by appropriate ‘acoustic tripping’. Details of the flow field for a 
typical case are compared with a case of bluff-body shedding. The flow field is 
different in many ways from the latter case and does not involve a KArman vortex 
street. The origin of the flow fluctuations traces to the upper surface of the airfoil and 
is associated with a periodic switching between stalled and unstalled states. The 
mechanism of the frequency selection remains unresolved, but any connection to 
blower instabilities, acoustic standing waves or structural resonances has been ruled 
out. 

A similar result has been encountered computationally using a two-dimensional 
Navier-Stokes code. While with the assumption of laminar flow, wake oscillation 
akin to the bluff-body shedding has been observed previously, the St, is found to drop 
to about 0.03 when a ‘turbulent ’ boundary layer is assumed. Details of the flow field 
and unsteady forces, computed for the same conditions as in the experiment, 
compare reasonably well with the experimental data. 

The phenomenon produces intense flow fluctuations imparting much larger 
unsteady forces to the airfoil than that experienced in bluff-body shedding, and may 
represent the primary aerodynamics of stall flutter of blades and wings. 

1. Introduction 
The low-frequency oscillation of flow over an airfoil was observed a t  NASA 

Langley by Zaman, Bar-Sever & Mangalam (1987), based on wake velocity spectra 
measurements. The spectra exhibited a sharp spike a t  an unusually low frequency 
which varied continuously with the free-stream speed. The corresponding Strouhal 
number (St , = f ,  c sin a/Uao,  where f ,  is the shedding (or flow oscillation) frequency, c 
the airfoil chord, a the angle of incidence and U,  the free-stream mean velocity) was 
only about 0.02. This compares to order(s) of magnitude higher values observed 
previously in cases involving bluff-body shedding (Roshko 1954), trailing-edge noise 
(Brooks & Schlinker 1983), etc. In  order to obtain a better understanding of the 
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phenomenon, the present experiments were carried out. In  the initial attempt in the 
relatively clean wind tunnel a t  NASA Lewis, the phenomenon could not be 
reproduced, but it could be when the tunnel free-stream turbulence was raised 
artificially, or tripping was applied near the leading edge, or the flow was excited 
acoustically a t  some high frequencies. Preliminary results were reported by Zaman 
& McKinzie (1988). Parametric dependence, details of the flow field for a typical case, 
and the effect of acoustic excitation in enhancing as well as suppressing the 
phenomenon were then explored. 

A literature search yielded a few earlier works reporting fluctuations in flows over 
airfoils at frequencies much lower than the ‘Strouhal frequency’ of St, z 0.2. Note 
that the term ‘ low frequency ’ is used in this sense to  denote St, values much lower 
than 0.2. The latter value, of course, represents the approximate Xtrouhal number of 
vortex shedding in the wake of bluff bodies (see also Schlichting 1979; Motallebi & 
Norbury 1981 ; Cendenese, Cerri & Ianetta 1981). Most wake oscillations reported in 
the literature translate to this Xtrouhal number if appropriate cross-stream 
lengthscales are used. For example, the trailing-edge noise studied by Brooks & 
Schlinker (1983) also yields this number if the trailing-edge thickness (with boundary- 
layer correction) is used as the lengthscale. In  fact, it is not an exaggeration to say 
that whenever a wake oscillation is encountered, a fluid dynamicist’s first reaction is 
to look for the ‘Strouhal frequency’. The oscillation frequency under the present 
study is considered low since there is no apparent lengthscalc that will produce a 
Strouhal number of 0.2. Here, let us note that while various non-dimensional 
frequency parameters have been used in previous airfoil studies, e.g. in connection 
with stall flutter, dynamic stall, etc., wherever possible these will be converted to St, 
to be consistent in the present discussion. 

A few very early studies a t  Cambridge reported low-frequency force fluctuations 
on stalling airfoils. Jones (1933) observed ‘violent fluctuations ’ of lift and drag 
occurring around the angle of maximum lift. The fluctuations were a t  very low 
frequencies, as he described, ‘ . . . a t  14 degrees incidence with the balance weights 
adjusted to lie between the upper and lower limits.. . the balance arm continually 
moved to and fro between the upper and the lower stops a t  intervals which, though 
not exactly constant, were of the order of half a second’. From the data given in the 
experimental procedures, this converts to an St, of only 0.006. Through meticulous, 
systematic measurements with the experimental tools of the time, Jones (1933,1934) 
described three different stalling processes associated with airfoils of different cross- 
sectional shapes. He noted, as further elaborated in the text, that the violent 
fluctuations took place along with two of these stall processes. 

Farren (1935) subsequently used a ‘fast response balance’ primarily to study lift 
and drag forces on oscillating airfoils. But he also reported a set of data for a fixed 
airfoil (model R.A.F. 2 8 ~  1.07, a t  a = 14’, R, = lo5), in which the normal force 
varied quasi-periodically with a period that corresponded to ‘ about 13 chords travel 
of the wing’. This converts to St, = 0.019! 

There have been numerous subsequent experiments on two-dimensional airfoils, 
including in the low-Reynolds-number range covered by Farren and Jones - see e.g. 
the excellent reviews by Carmichael (1981) and Mueller (1985). But somewhat 
surprisingly, to the best of the authors’ knowledge, the low-frequency unsteady 
fluctuations have neither been pursued nor observed any further. Why one could 
only speculate. First, the phenomenon seems to take place in ‘dirtier’ flows, possibly 
explaining why it was not readily observed in the ’cleaner ’ wind tunnels of later 
experiments. Secondly, it is sensitive to ambient conditions. Thus, even if observcd 
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it  might have been considered a ‘parasitic problem’, somehow avoided or gotten rid 
of, and the experimentalist moved on. Furthermore, very low-frequency energy in 
the spectra in similar situations is often ignored and not looked for in appropriate 
analysis bands. 

However, several experiments reported data, while dealing with various aspects of 
airfoils and blades, that translate to a low-frequency flow or force fluctuation. Moss 
(1979) studied the acoustic excitation effect on unsteady stall on a 0.5 m chord airfoil 
for up to R, = 4 x lo5. From normal force spectra, he reported large-amplitude 
fluctuations occurring naturally a t  St, = 0.05 and lower ; moreover, he could pace the 
unsteady stall by periodic bursts of a high-frequency tone and the resulting unsteady 
forces were largest in the above St, range. 

There have been observations of similar low frequencies in stall flutter of blades 
and wings. For example, the upper frequency limit of compressor blade flutter 
presented by Armstrong & Stevenson (1960) (assuming 15’ incidence and the 
velocity a t  midradius to correspond to U,)  converts to an St, of 0.012 for ‘flexural 
flutter ’ and 0.05 for ‘torsional flutter ’. Stall flutter will be discussed further in the 
text, but its possible connection to the low-frequency phenomenon has provided 
added motivation for the present study. 

Low-frequency oscillations have also been observed in various other separating 
flows. These include transitory stall in diffusers, flow behind steps, etc. Simpson 
(1985) provides a review : see also, Rockwell (1983). However, a ‘resonance-like’ 
behaviour as observed in the present study has not been reported in any of these 
cases. 

Recently, there has been a controversial observation of such a resonance-like 
fluctuation in the wake of a circular cylinder. Sreenivasan (1985) reported a velocity 
spectral peak at  a frequency ‘ incommensurately ’ lower than the expected ‘ Strouhal 
frequency ’. Peaks at  both frequencies, together with several others a t  the sum and 
difference frequencies and their harmonics, appeared in the spectra. With increasing 
Reynolds number, a sequence of transformations took place from ‘orderliness ’ to 
‘ chaos ’ and the re-emergence of ‘orderliness ’, within the Reynolds-number range of 
35-170 covered in the experiment. Sreenivasan considered these sequences as a 
precursor to transition, from the perspective of a nonlinear dynamical system. 
However, Van Atta & Gharib (1987) in a subsequent investigation, traced the origin 
of the lower frequency flow fluctuations to cylinder vibration. They observed that, 
depending on the flow and the cylinder (wire) tension, the spectra contained peaks 
a t  the main Strouhal frequency and a t  a certain (super)harmonic of the fundamental 
vibration frequency, the difference between the two corresponding to the lower 
frequency peak. However, K. R. Sreenivasan (private communication), based on a 
repeated experiment, maintains that the cylinder vibration is not a necessary 
condition for the generation of the lower frequency components. 

In any case, the question naturally arises as to whether the low-frequency 
oscillation in the airfoil wake can also be traced to  structural vibrations. This has 
been addressed through simultaneous flow and vibration measurements. As will be 
discussed below, the data clearly indicate that the oscillations under study are 
independent of the structural vibration characteristics. 

A further indication that the phenomenon has its origin in the fluid dynamics and 
not in the structural resonances came from a computational study initiated by 
Anderson, Thomas & Rumsey (1984) and continued by Rumsey (1987). Using 
a compressible, two-dimensional, Navier-Stokes code, Rumsey (1987) computed the 
flow over a NACAOO12 airfoil, without any imposed perturbation, at R, = lo6 and 
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M = 0.3. A low-frequency oscillation in the flow was encountered, if a turbulent 
boundary layer from near the leading edge was assumed. If, instead, a laminar 
boundary layer was assumed, oscillation similar to blu ff-body shedding resulted. In  
spite of the question of the applicability of turbulence models to unsteady, stalled 
flows, the turbulent flow computation was seen to produce flow-field details that were 
remarkably similar to those obtained experimentally. It was felt strongly that the 
essential features of the phenomenon were captured by the computation. At this 
point, a joint effort was undertaken for further investigation. The computation was 
performed for the same airfoil shape and Reynolds number as in the experiment. This 
yielded a low-frequency periodic oscillation a t  St, = 0.03. Details of the flow field 
were then computed and are discussed vis-u-vis the experimental data. 

As already indicated, various aspects of the phenomenon have remained un- 
explained. The objective of this paper is to present data describing its main features. 
This is well justified as, to our estimation, this curious phenomenon has not only gone 
practically unrecognized in the fifty years or so of airfoil research but may also 
provide a clearer understanding of the fluid dynamics of stall flutter. The main body 
of the discussion will be included with the experimental results in $3, preceded by a 
description of the experimental procedures in $ 2. The computational results and 
associated details will be discussed in $4, followed by the conclusions in $5. 

2. Experimental facility 
The cxperirnents were carried out in a low-speed wind tunnel having a test section 

with 76 x 51 cm cross-section (figure 1 a) .  The flow entered through a 16 : 1 contraction 
section with five screens, passed through the test section and was then exhausted by 
an axial fan. The free-stream turbulence intensity was less than 0.1 YO, but could be 
increased by installing turbulence-generating screens 37 cm upstream from the 
airfoil support. The two-dimensional airfoil model, used for most of the data, was of 
the same cross-sectional shape as in the Langley experiment (LRN(1)-1007, to be 
simply referred to as LRN). Unless otherwise stated, the data reported are for this airfoil 
with c = 12.7 cm and span equal to the tunnel width. Results from a 7.3 cm and 
a 25.4 cm chord LRN airfoil, an NACA0012 ( c  = 10.2 cm) airfoil, a Wortmann 
FX 63-137 (c = 12.7 cm) airfoil, and a shorter 30 ern span LRN airfoil (c = 12.7 cm) 
will also be discussed. 

The airfoil was supported rigidly, a t  the two ends, with respect to both torsion and 
lateral movements. Two 0.635 cm diameter rods, firmly connected to the ends, 
formed the support axis. These two rods passed through two cylindrical bearings 
housed in the tunnel walls. The bearings prevented any lateral motion; clamps 
outside the tunnel prevented any rotation about the axis. Most of the data were 
obtained in this support configuration. For lift and drag measurements, the support 
bearings had to  be changed. In  this case, the airfoil was supported on a spherical 
bearing on one end. Through a universal coupling the support rod on this end was 
connected to an automated angular positioning device. The support rod on the other 
end of the airfoil was suspended on the preloaded springs of the lift and drag load 
cells. 

There was provision for acoustic excitation through an acoustic driver mounted on 
the ceiling of the test section. The sound entered through a 2.54 cm hole in the ceiling 
directly above the airfoil support axis. A 0.635 cm B & K microphone, flush 
mounted on the ceiling, monitored the sound pressure level. Velocity measurements 
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FIGURE 1. (a )  Schematic of wind tunnel. Dimensions are in cm. (6) Schematic of probe arrangement. 
Insets are filtered u-signals from the reference probes at  indicated angles of attack (a), at 
R, = lo5; record lengths are 732 ms and 112 ms for probes 1 and 2, respectively. 

were made by standard hot-wire anemometry. Both single and crossed hot wires were 
used. 

A schematic of the probe arrangement, used for conditional sampling measure- 
ments, to be elaborated on later, is shown in figure 1 ( b ) .  The x -wire probe could 
be traversed in the streamwise direction (x) through a longitudinal slot on the floor 
of the test section. For a given x, the entire slot was sealed ; in this position, the probe 
could be moved up and down (in y) through automated computer (HP 9836) control 
without disturbing the seal. Unless otherwise stated, the airfoil is supported at  
midchord. The coordinate (x,y) origin is a t  the support axis, x = 0 is a t  the midspan 
of the test section. 
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FIGURE 2. u'-spectra measured a t  x /c  = 1.5, z = 0 and y/c = 0.15, Spectra traces are staggered 
successively by one ordinate division and are for indicated a. R, = lo5, u L / U ,  = 0.4%. 

3. Experimental results 
Figure 2 shows u'-spectra measured with a fixed hot wire about one chord 

downstream of the airfoil trailing edge. The free-stream turbulence was raised (with 
the screen placed upstream) to about 0.4 YO. The spectra traces are for different a as 
indicated. At a = 18" and 20", the spectral peaks a t  the relatively higher frequencies 
represent the bluff-body shedding and correspond to St, x 0.2. Around a = 15", a 
spectral peak a t  7.5 Hz occurs unambiguously. This corresponds to St, z 0.02, a 
value found to remain approximately constant a t  other speeds and to agree with the 
previous data of Zaman et al. (1987). At lower a, the flow is attached and no spectral 
peaks occur in the frequency range covered. However, a t  certain lower a there were 
higher frequency peaks scaling on the airfoil thickness, i.e. yielding a Strouhal 
number of about 0.2, with the latter as the lengthscale. There is no cross-stream 
lengthscale apparent for the a = 15" case, however, that would produce the Strouhal 
number of 0.2. This is why the frequency in this case is considered unusually low. 

As indicated earlier, the occurrence of the low-frequency oscillation had been 
illusive and puzzling. It could not be reproduced in the initial attempt. This can be 
appreciated from figure 3. With the normal tunnel operation, spectra traces similar 
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FIGURE 3. u'-spectra measured a t  x / c  = 1.5, y/c = 0.15 and z = 0, a t  a = 15" and R,  = lo5. 
(a )  u;/LTm = 0.1 %; ( b )  u;/U, = 0.1 % with acoustic excitation a t  2540 Hz; (c) &/Urn = 0.4%. 

to ( a )  were obtained a t  first in which the sharp peak was absent. Only when the free- 
stream turbulence was increased did it result in the spectral spike as in trace ( c ) .  
Trace ( b )  shows that a high-frequency acoustic excitation of a flow otherwise the 
same as in ( a ) ,  also produced the low-frequency oscillation. (However, the acoustic 
excitation a t  even higher frequencies had the opposite effect of eliminating the low- 
frequency peak otherwise occurring naturally in case ( c ) ,  see $3.3.) It was found later 
that adding an appropriate boundary-layer trip also produced the spectral spike as 
in ( b )  or ( c )  in a flow otherwise the same as in (a) .  (The trip was a strip of masking 
tape attached to the underside of the airfoil near the stagnation line. The tripping 
edge was about 2 mm downstream of the leading edge, protruded about 0.5 mm 
away from the surface, and had V-notches spaced about 0.5 cm in the spanwise 
direction. Tripping at various locations on the upper surface was found to be 
ineffective.) 

Unless otherwise stated, the data shown are for smooth airfoils. The flow-field 
details were obtained a t  R, = 0.75 x lo5. The flow visualization was easier a t  the 
lower R, ; the airfoil vibrations were also of smaller amplitudes, permitting hot-wire 
probing of the boundary layer. 
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3.1. Role of structural vibration 
As ment,ioned before, the low-frequency flow oscillation imparted large unsteady 
forces to the airfoil. In fact, the airfoil started 'fluttering' as soon as it was loosened 
from its rigid mount, with increasing amplitude at higher R,. Even whcn t,he airfoil 
was held rigidly, the midsection vibrated visibly, with a total displacement of about 
1 mm at  R, = lo5. On close inspection, the vibration was determined t'o be a t  the 
same low frequency as that of the flow, a t  all R,. 

As discussed in $ 1 ,  there was concern that structural rcsonance may have played 
a role in inducing the flow oscillation. Note that it would be impossible to completely 
restrain the airfoil but the following indicates strongly that the vibration was a result 
of the unsteady flow and not vicc versa : ( 1 )  The frequency varied continuously with 
U,, yielding a constant St, in two different wind tunnels (the present and that of 
Zaman et al. 1987). (2) The oscillation appeared or disappeared in a flow and 
structural environment that was otherwise the same, depending only on the free- 
stream turbulence or a high-frequency acoustic excitation. 

The role of structural vibration was probed by simultaneous hot,-wire and 
accelerometer measurements. Two accelerometers were attached to the airfoil upper 
surface, with a hot-wire located downstream, as shown in the inset of figure 4 ( a ) .  A t  
a = 15" and R, = 0.75 x to3, the spectra of both acceleration signals (S, and 8,) 
exhibited peaks a t  about 36 Hz (figure 4a) .  The flow was undergoing t'he low- 
frequency oscillation at  about 6 Hz, a t  which a small peak also appeared in S, and 
S,. Note that the acceleration, being proportional to frequency squared, was of much 
larger amplitude a t  36 Hz even though the corresponding displacement was smaller 
than that a t  6 Hz. The middle trace, #12, represents the phase between the two 
acceleration signals (ordinate ranges - 180" to 180"). At both 6 Hz and 36 Hz, the 
phase is zero indicating an in-phase motion. This excludes a (twisting) torsional 
vibration as t,he stimulant for the low-frequency flow oscillation. From visual 
stroboscopic observation, the vibration was found primarily a t  6 Hz and was flcxural 
(or bending) in nature. 

With the flow turned off, light tapping on the airfoil support produced acceleration 
spect,ral peaks at. about 36 Hz but, nothing at' around 6 Hz. An estimat'e, with the 
assumption that the airfoil is simply supported a t  the ends, produced a fundamental 
flexural resonance at 33 Hz. (The assumption should be reasonable since the two end 
rods are supported on the bearings and clamped outside the tunnel ; the assumption 
of rigidly held ends, requiring zero slopes in bending, yields a resonance at  the much 
higher frequency of 75 Hz.) The fundamental torsional resonance was roughly 
estimated to be also a t  a much higher frequency. Thus, the observed peak a t  36 Hz 
must be due to t,he fundamental flexural resonance. 

With the flow on, the simultaneously measured velocity spectrum, S,, exhibits a 
peak only a t  6 Hz. If there were bluff-body shedding at this a, the 'Strouhal 
frequency ' would be expected a t  around 54 Hz. There are no peaks in S, at  36 Hz or 
54 Hz. Thus, one cannot explain the low-frequency component in the way that Van 
Atta & Gharib (1987) did for the cylinder wake case. This is because their 
explanation was based on the fact that  the low frequency equalled the difference 
between the Strouhal frequency and a harmonic of the cylinder vibration frequency, 
spectral peaks appearing a t  all three. Finally, the top trace in figure 4 ( a )  shows the 
coherence between the signals from the hot wire and one of the accelerometers 
(ordinate ranges 0 to 1). While there is large coherence a t  6 Hz and its immediate 
higher harmonics, there is none a t  the flexural resonance frequency. If t,he latter were 
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FIGURE 4. (a) Simultaneous accelerometer (AM) and hot-wire (HW) data. S denotes spectra, q5 the 
phase, and y the coherence; subscripts denote sensors as shown in the inset. R, = 0 . 7 5 ~  lo5. ( b )  
Measurements as in (a) with two 1 Ih weights strung over the airfoil as shown in the inset. 
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pacing the flow oscillation, even though through some kind of coupling, one would 
expect significant coherence. 

The structural rcsonance effect was probed further by intentionally loading the 
airfoils. Two 1 Ib wcights were strung over the airfoil as shown in the inset of figure 
4(b). This changed the flexural resonance from 36Hz to about 24Hz. As can be 
observed from S3, in spite of this the flow oscillation frequency remained unchanged. 
The data in figure 4 ( a , b )  should be ample proof that the low-frequency flow 
dscillation under study is not a legacy of the structural resonance characteristics. 

3.1.1. Blower instability 
Forced flow fluctuations by blower rotational speed or blade passage was ruled out. 

For example, for the flow conditions of figure 4, the blower rotational speed was 
about 27 Hz - thus this and the blade passage frequency (162 Hz) were much higher 
than the flow oscillation at 6 Hz. An unstable blower operation, e.g. at certain ranges 
of the flow rate vs. pressure drop curve, was also ruled out. This was done by variably 
opening a window on the downstream end of the test section. The same Urn was 
realized with different blower r.p.m. for different widths of opening of the window. 
In spite of the change in the blower operation point, the flow oscillation frequency 
at a = 15" remained constant as long as Urn was held constant. 

3.1 2. Tunnel resonance 
The tunnel resonances were also at frequencies much higher than the flow 

frequency being considered. The tunnel resonant frequencies were determined by 
measuring sound pressure level L,, and u' and v' at a certain reference location, while 
imparting acoustic excitation (Zaman & McKinzie 1989). The lowest was at 23 Hz 
corresponding to half-wave resonance in the entire length of the tunnel. There was 
longitudinal half-wave resonance a t  59 Hz due to the length of the test section, and 
fundamental cross-resonances at 224 Hz and 345 Hz corresponding to the span and 
the height of the test section. The presence of the airfoil could set up resonances 
similar to those observed by Parker (1966). Even though this was not investigated 
thoroughly, the ' Parker modes ' can also be expected at much higher frequencies near 
and above 345 Hz. 

3.2. The $ow-field details 

Data on the unsteady flow field for a typical case of the low-frequency oscillation 
were acquired. In doing this, corresponding data were also acquired for a case of 
bluff-body shedding. These two cases were at (1) a = 15", yielding an oscillation at 
5.75 Hz and (2) a = 22.5", yielding an oscillation at 35.5 Hz; both were at R, = 
0.75 x lo5, with a free-stream turbulence of 0.4 % (with the screen), but without any 
acoustic excitation. The two frequencies varied slightly from day to day and are 
nominally referred to as 6 Hz and 36 Hz, respectively. 

Figure 5 ( a )  shows the fundamental r.m.s. velocity fluctuation amplitudes, at the 
respective frequencies for the two cases, as a function of the streamwise distance. 
These measurements were made along the midspan at a constant height slightly 
above the airfoil upper surface. It is clear that  the low-frequency oscillation has very 
large amplitude, but decays rapidly with x, the largest occurring at about 0 . 2 5 ~  from 
the leading edge. For the bluff-body-shedding case, the amplitude is negligible over 
the airfoil and increases farther downstream. 

Figure 5(b) shows the axial variation of the phase corresponding to the data of 
figure 5 ( a ) .  The slopes, measured in the range x / c  > 2, yielded wavelengths of 
about 8 . 5 ~  and 1 . 8 ~  for the low- and high-frequency cases, respectively; the 
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FIGURE 5. (a )  u;/U, us. x/c at y/c = 0.15 and z = 0. R, = 0.75 x lo5; uL/U,  = 0.4%. Solid 
curve, a = 15"; dashed curve, a = 22.5'. ( b )  Corresponding phase variations. 

corresponding phase velocities turned out to be about 0.7U, and 0.95U,, 
respectively. The phase velocity result is further proof that the low-frequency 
oscillation is hydrodynamic in nature and not due to, say, a standing acoustic wave 
(53.1.2). 

The transverse variation of the fundamental amplitude and phase, one chord 
downstream from the trailing edge at midspan, are shown in figures 6 ( a )  and 6(b) .  
The amplitude for the low-frequency case, which was very large over the airfoil, has 
become comparable with that due to the bluff-body shedding. The latter is large 
across the wake indicating a larger kinetic energy flux due to the fluctuations at this 
x-station. The amplitude and phase data for the bluff-body-shedding case are 
indicative of a Karman vortex street, which is confirmed later by conditionally 
averaged vorticity data. 

The corresponding data for the a = 15" case only, measured over and below the 
airfoil a t  x/c = -0.1, are shown in figure 7. The data from figure 6 are repeated for 
easy comparison. The gaps in the curves represent regions that could not be accessed 
by the hot-wire mounted on a horizontal support. The amplitude is intense over the 
airfoil. The peak occurs about 8 mm from the surface where the local mean velocity 
is about 90 % of U,. Under the airfoil, the amplitude is small, clearly indicating that 
the origin of the low-frequency oscillation is on the upper surface. 

I4 2 
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FIGURE 6. (a )  uE/U, us. y/c at z = 0 and x / c  = 1.5 for the two a-values of figure 5 .  
( b )  Corresponding phase variations. 

The transverse phase variations for the a = 15" case at different x/c are shown in 
figure 8. The five lower curves represent measurements on the airfoil upper surface, 
the left end of each curve terminating on the surface. Note the gradual, consistent 
evolution of t,he #(y) profile compared to that shown in figure S(6) .  The validity of 
the approximately 90" phase jump near the airfoil surface, a t  x/c = 0.1 and 0.3, could 
be questioned because hot-wire rectification is expected due to flow reversal during 
part of the oscillation cycle. However, no flow reversal and hot-wire rectification are 
expected at x/c = 1 and downstream. Thus, the consistent evolution of the # ( y )  
profiles indicates that  the phase has been measured correctly at all x-stations. 
Considering the plateaux around ylc = 0.1 or the higher levels to the right of each 
profile, the streamwise phase speed is found to remain approximately constant at 
all x. A motivation for obtaining this data set was to detect possible upstream- 
propagating waves through the boundary-layer region, to complete a feedback loop 
for sustaining the low-frequency oscillation. The data do not reveal the presence of 
any such wave within the measurement resolution and accuracy. 

The boundary-layer profiles of U ,  the total r.m.s. (longitudinal) velocity fluctuation 
ui, and the fundamental r.m.s. velocity fluctuation (at frequencyf,) u;, as measured 
with a (single) hot wire, are shown in figures 9 and 10 for the a = 15" and 01 = 22.5" 
cases, respectively. The u; profile in figure 9 is a duplication of the data in figure 7 .  
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FIGURE 7 .  ( a )  u f /U ,  us. y/c for a = 15'. Solid line, measurement at x/c = -0.1; dashed line, 
x/c = 1.5. (b) Corresponding phase variations. 

and is shown for easy comparison with the ui data. Note that in both cases the mean 
velocity just outside the boundary layer is higher than U,. With increasing y,U 
drops and eventually should equal U,. Near the surface, there is separated flow a t  
least during part of the oscillation cycle. There, flow reversal during those instants 
makes the measurements erroneous owing to hot-wire rectification. As a rough 
guideline, the amplitudes in figures 9 and 10 should be considered erroneous in 
regions where U / U ,  5 0.5. Nevertheless, the measured profiles have been shown in 
their entirety as they provide an indication of the size of the recirculating zone. For 
the a: = 22.5" case, the existence of a recirculating zone about 2 cm high is clearly 
apparent. Ih figure 9 uf is found to be comparable with u i ;  thus, the fluctuating flow 
field is dominated by the low-frequency oscillation. However, the latter is not strictly 
periodic, and dispersions as well as occasional dropouts account for the difference 
between u; and u;. In  contrast, uf is negligible compared to ut in figure 10; the 
spectral peak at  f, was barely visible above the background turbulence in this 
case. 

The spanwise variation of the amplitude and phase, similar to the data of figures 
5 and 6, are shown in figure 11.  These data have been obtained about one chord 
downstream of the trailing edge. At this x-station, the oscillations are hardly 
two-dimensional. Clearly, the disturbances originating from the junctions of the 
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FIGURE 9. Boundary-layer profiles of U ,  u; and u; for a = 15" at x/c = -0.1. y, is airfoil 

upper-surface location. 

airfoil and the tunnel walls have influenced these variations. However, the flow over 
the airfoil, for either case, appeared from flow visualization experiments to be 
uniform along the span. 

3.2.1. Blow visualization 
Smoke-wire flow visualization movies were obtained. Specially fabricated 'knotted ' 

wires (0.12 mm diameter wire, knots spaced about every 0.5 cm), were used. This 
provided relatively long smoke duration (of the order of 2 s), which was necessary 



Natural low-frequency oscillation of the flow over a n  airfoil near stalling 41 7 

0.4 r r :I 0.1 0 

U - 
urn 

1.2 t + 

Y - Y w  (a) 
FIGURE 10. Profiles for a = 82.5', as in figure 9. 

r 

t 
-1801 I I I I I I 

-3  -2 - 1  0 1 2 3 
2 I C  

FIGURE 11. (a )  u i /U,  vs. z / c  at x / c  = 1.5 and y/c = 0.15 for the two cases of figure 5. 
( b )  Corresponding phase variations. 

because of the low frequency involved in the a = 15" case. Unfortunately, this 
produced non-laminar smoke streaks resulting in poorer picture quality. The movies, 
however, showed the overall flow fields quite adequately. 

The pictures in figure 12 were obtained with a horizontal smoke wire, placed about 
4 cm upstream of the leading edge. Pairs of pictures, from the movie sequences, 
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FIGURE 13. Flow visualization pictures for the flow of figure la@) from a different 
camera angle. 

separated approximately 180" out of phase are shown. The silhouette of the leading 
edge behind the rising smoke streaks can be observed in each picture, In  ( a )  for the 
a = 15' case, the right-hand pic%ure exhibits a relatively more attached flow than 
that on the left-hand side. A periodic up and down 'flapping' motion of the smoke 
streaks was the most readily and easily discernible characteristic for this case. In 
comparison, the smoke streaks in ( 6 )  for the 22.5' case did not exhibit any such 
oscillation. The smoke streak patterns can be observed to be two-dimcnsional, i.e. 
uniform in the spanwise direction except near the tunnel walls. However, the flow 
field downstream rapidly developed three-dimensionality as indicated by figure 11 as 
well as flow visualization pictures shown in figure 13. 

Figure 13 shows another set of pictures for the a! = 15" case. The time differences, 
relative to the instant of the top picture, are indicated ; note that the times are not 
equally spaced. The gradual buildup and thc subsequent collapse of the separated 
region can be easily observed. A rapid development of three-dimensionality shortly 
downstream of the trailing cdgc can also be obscrvcd. A junction-vortcx-like 
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FIUURE 14. Flow visualization pictures using vertical smoke wire, reproduced from Zaman et al. 
(1987). c = 10.2 cm, R, = 0.40 x lo5, a = 15', f, = 4.5 Hz. (a) No excitation ; (6) f, = 2440 Hz. 

structure appears in the pictures for 90 and 100 ms (marked by arrows), apparently 
forming shortly after the separation is maximum. Viewed from downstream, it has a 
clockwise rotation, and appears similar to a 'trailing vortex ' (see e.g. Van Dyke 1982, 
p. 51). While for the 15" case it formed periodically, a similar structure appeared to 
be present continuously in the 22.5" case. 

Flow visualization (still) photographs, using a vertical smoke wire, had been 
obtained for a = 15" in the earlier Langley experiment (Zaman et al. 1987). A pair of 
pictures, with and without acoustic excitation, are reproduced in figure 14. These 
pictures, for a lower Urn (6.1 ms-l, c = 10.2 cm) taken with a straight smoke wire, 
show a much crisper view of the flow field. The flow without any excitation, on the 
left, was undergoing a low-frequency oscillation a t  4.5 Hz. Upon acoustic excitation 
at  a high frequency (2440 Hz) this oscillation was eliminated, the flow field for which 
is shown on the right. The excitation effect will be discussed further in $3.3. 

3.2.2. Conditionally averaged vorticity Jield 
Conditionally averaged spanwise vorticity data were acquired for the two cases 

under consideration. First, the nature of the two basic wakes on a time-average basis 
are further documented in figure 15(a-c). The U ,  ui, and total r.m.s. transverse 
velocity fluctuation vi profiles a t  x /c  = 1.5 are shown. The wider and deeper wake for 
the a = 22.5" case (figure 15 a )  represents a higher drag, as expected. The turbulence 
intensities are also higher for the 22.5" case. 

The conditional averaging measurements were carried out with the help of an 
x -wire and reference probes as shown in figure 1 (b ) .  The procedures are briefly 
described here. Filtered reference signals for the low-frequency case (probe 1 )  and the 
high-frequency case (probe 2), for R, = lo5, are shown in figure 1 (b ) .  For each y- 
location of the x -wire probe, the u-, v- and the appropriate reference signals were 
recorded digitally. The negative peaks in the reference signals, discriminated by a 
threshold of 1.5cr, were used as triggers for data sampling ; u is the standard deviation 
of the respective reference signal. Centred around the triggers, records of u- and the 
v-signals wcre ensemblc averaged assuming a triple decomposition, 

yielding, 

F ,  f ,  and fr are the time-average, the 'coherent ' and the 'incoherent ' components of 
the instantaneous function f ,  respectively. The angle bracket denotes ensemble 
averaging, and the notation ( f )  is used to include the time-average F in the ensemble 
average. 
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FIGURE 15. U,  ui and w: profiles at x/c = 1.5 and z = 0. Solid line, a = 15'; dashed line, a = 22.5'. 

The distributions of ( u )  and (v) as a function of time (7) were obtained at  different 
y. Prom these the ensemble-averaged spanwise vorticity was obtained by invoking 
the Taylor hypothesis (Zaman & Hussain 1981 b) : 

- 1  a(v) a(u) 
(Q,) = ~ _ _ - -  

0.7 urn a7 a y  
(52,) has been non-dimensionalized by the constant c / U ,  for both cases, the time 
axis having been normalized by the respective periods. Note that (a,) includes the 
time-average contribution, and that the convection velocity used in the Taylor 
hypothesis is 0.7 Urn. Figure 5 ( b )  showed that the convection velocity for the 
a = 22.5' case was about 0.95Urn for x / c  2 but lower farther upstream. It was 
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76T. . FIGURE 16. Conditionally averaged spanwise v rticity ( (52,))  non-dimensionalized by c /Ua, ,  for 
a = 15'. The abscissae are normalized by the period (180 ms). Contour levels are in the 
sequencek(0.4, 0.8, 1.2 ..., 4.4, 5.2 ...). The measurement stations (z /c)  are: (a )  -0.1, ( b )  0.2, (c) 
0.5, ( d )  1.5. Reference probe located as shown in figure 1 ( b ) .  

found that the overall patterns of the (52,) contours did not change significantly if a 
convection velocity of 0.95Um was used instead. The levels were affected somewhat ; 
for example, the peak levels 2.55 and -3.89 in figure 17(d) (discussed shortly) 
changed to 2.13 and -3.34, respectively; this represents a departure of about 20% 
in the levels. For simplicity, the value 0.7Um has been used throughout. 

Data for the a: = 15' case a t  indicated x-locations are shown in figure 16. A sheet 
of positive vorticity (clockwise), undulating with time, is observed on the upper 
surface. No 'roll-up' is observed in these temporal distributions. In  figure 16(c), a 
sharp transverse drop in U right behind the trailing edge accounts for.the large 
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FIGURE 17. (52,) (c /U, )  distributions as in figure 16 but for a = 22.5'. Abscissae are normalized 
by the period 28 ms. The measurement stations (z/c) are: (a )  0.5,  ( b )  1.0, ( c )  1.5 and ( d )  2.5. 
Reference probe located as shown in figure 1 ( b ) .  

negative (52,) levels appearing as a dark band in the contours. One finds'that the 
high levels of (52,) diminish rapidly, and the distribution at x / c  = 1.5 is not much 
different from that expected from the corresponding profile of U(y) (figure 15a). 
Here, let us note that the flow field on the upper surface in the LY = 15" case goes 
through a fast evolution (for further details see 94). The fast evolution throws doubt 
on the applicabilit,y of the Taylor hypothesis to the vorticity measurements. The 
spatial resolution with the x -wire is also poor in the separating shear layer over the 
upper surface. Thus, the distributions in figure 16(a-c) should be considered as 
qualitative. 
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The spatial resolution error is negligible for the rest of the vorticity data in figures 
16-19, representing x/c 2 1 .  For these data, application of the Taylor hypothesis is 
also reasonable (Zaman & Hussain 1981 b),  but probably constitutes the largest 
source of error in the vorticity amplitudes. Recall that using a different convection 
velocity in the hypothesis (for the data in figure 17d) results in a departure of 20 YO 
in the peak amplitudes. Contributions from other measurement errors, e.g. due to a 
large instantaneous flow angle relative to the x -wire, should be relatively small. No 
further effort was made to assess the errors as that would require detailed analysis 
and additional experimentation. 

Compared to the a = 15" case, significantly higher concentration of (a,) occurs in 
the 22.5" case even at x/c = 2.5, as shown in figure 17. Clearly, a Karman-vortex- 
street-type structure evolves by the distance of x/c = 1.5. Note that just downstream 
of the trailing edge (in a ) ,  there is no undulation in the vorticity with time, the 'roll- 
up ' commences farther downstream. The lack of fluctuation in the vorticity field in 
the vicinity of the airfoil, in contrast to the 15" case, is commensurate with the smaller 
unsteady forces measured for this case; the latter data are discussed in 94. 

For the data in figure 16 (d ) ,  there is a large separation between the reference probe 
and the measurement location (figure 1 b) .  Such spatial separation (or temporal 
separation between trigger and instants of data sampling) can result in smearing in 
the eduction (Zaman & Hussain 1984); also, the further the departure from 
periodicity in the flow the larger is this smearing effect from probe separation. It was 
felt necessary to check this effect, and the measurements were repeated a t  x /c  = 1.5 
with the reference probe located a t  the same x-position. These data are shown in 
figure 18 (a) .  Except for the time shift due to different trigger instants, essentially the 
same (a,) distribution is educted. One has to  conclude that the departure from 
periodicity was not large and the triggering criterion used was sufficient to preclude 
significant smearing. The same conclusion was reached for the 22.5" case, by 
repeating the measurements a t  x/c = 2.5 with the reference probe located at  the 
same x-position. These data are shown in figure 18(b) and should be compared with 
those in figure 17 (d) .  

3.2.3. Further on the blufl-body-shedding case 
In  both figures 18(b) and 17 (d) the (absolute) peak negative levels are significantly 

higher than the peak positive levels. But these levels approach each other with 
increasing x, as shown by measurements a t  x /c  = 3.5 (figure 18c). If such equality in 
the peak (a,) levels were taken as a criterion, the flow structure for the 22.5" case 
is found to be still evolving a t  x/c = 2.5, an 'asymptotic state' being reached by the 
distance of about x /c  = 3.5. Eduction farther downstream was not attempted as the 
corner flow effects should become increasingly prominent. 

Referring back to figure 4(a),  one notes that f, = 36 Hz for the 22.5" case is 
coincident with the flexural resonance frequency of the airfoil. This raised the 
question of whether the flow was 'excited ' in this case. In order to assess this, the 
eduction was repeated a t  another Reynolds number (R, = 0.3 x lo5). The shedding 
frequency, f ,  = 13.5 Hz, was different from the flexural resonance, which remained 
the same, a t  36 Hz. The corresponding data are shown in figure 19 (a) .  On comparison 
with figure 18(b), one finds that essentially the same flow structure has been educted. 
This provides evidence that the educted structure for a = 22.5" at  K, = 0.75 x los, 
being compared with the low-frequency case, is natural and not enhanced due to 
excitation. 

Further eductions were done with an NACA0012 airfoil (c = 10.2 cm) at  a = 22.5" 
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FIGURE 18. (Q,) ( c / U & )  distribution: (a )  at x/c = 1.5 for a = 1 5 O ,  (b)  at x / c  = 2.5 for a = 22.5", 
(c) at x/c = 3.5 for a = 22.5'. Reference probe located a t  the measurement x-position in all 
cases. 

and R, = 0.6 x lo5, yielding f ,  = 50 Hz. The data are shown in figure 19 ( 6 ,  c )  for the 
indicated x-stations. Comparing the similarity of these vorticity fields with the 
corresponding data in figure 17, one has to conclude that these distributions are quite 
robust and are also insensitive to the airfoil shape. 

3.3. Acoustic excitation and initial-condition effect 
Acoustic excitation a t  certain high frequencies was observed by Zaman et al. (1987) to 
completely eliminate the low-frequency oscillation. Referring back to figure 3, where 
excitation helped precipitate the oscillation, one notes a conflicting role of the 
excitation. This was explored systematically. 

The wake oscillation amplitude u;, for the same a and probe location as in figure 3, 
was measured as a function of the acoustic excitation frequency fp. A set of data 
is shown in figure 20 for R, = 0.75 x lo5; the sound pressure level a t  the tunnel 
ceiling, L,, was held constant a t  104dB. Consider the dashed curve for the flow 
without the screen. With excitation off ( fp = 0) there was only broadband energy a t  
the low frequency, similar to that shown in figure 3 (a ) .  Excitation in the fp-range of 
about 2-6 kHz reduced this broadband energy. However, excitation a t  certain 
frequencies in the range 0.7-1.8 kHz precipitated the low-frequency (6 Hz) oscillation 
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FIGVRB 19. (a,) (e/U,) distributions: ( a )  at x / e  = 2.5, a = 22.5’, R, = 0.30 x lo5; reference probe 
at the same 5. ( b )  and ( c )  with iVACA0012 airfoil (c = 10.2 em) a t  a = 22.5’ and K, = 0.6 x lo5; 
reference probe as in figure 1 ( b ) .  (b) x / c  = 0.5, (c) x / c  = 2.5. 

as in figure 3(b). In  contrast, the flow with the screen yielded the 6 Hz spectral spike 
naturally (as in figure 3c). Excitation in the lower fp-range had an effect of slightly 
augmenting this spike. But in the higher fp-range the excitation completely 
eliminated the 6 Hz spike. Only an effect similar to the latter was reported by Zaman 
et al. (1987). 

Similar data for different R, with airfoils of two different chords are shown in figure 
21 ; the data from figure 20 are replotted for comparison. In  each vase, a similar effect 
of excitation can be noted as observed before. In a lower f,-range, excitation 
enhancw or generates the low-frequency oscillation, but suppresses it in a higher 
range of f,. 

3.3.1. Separating-boundary-layer state 
The above data bear symptoms similar to those observed in free-shear-layer 

excitation studies. In particular, the high-f, excitation effect appears very similar to 
the turbulence suppression phenomenon studied by Zaman & Hussain (1981 a). In 
that work, high-frequency acoustic excitation was shown to eliminate unusually 
energetic coherent structures, through an early saturation of the imposed instability 
wave and the resulting early transition. The result was a remarkable suppression of 
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FIGURE 20. Variation of u; (at 5.75 Hz, Sf = 0.25 Hz) with excitation frequency, measured at 
x /c  = 1.5, y/c = 0.15 and z = 0;  R,  = 0.75 x lo5. Solid line, v&/U= = 0.4%; dashed line. u&/U, = 
0.1 %. Arrow denotes 'natural instability frequency' of the separated shear layer. 
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FIGURE 22. (Single) hot-wire output voltage at 6% chord location from the leading rdge and about 
1.5 mm from the surface. ct = 15”, R, = 0.47 x lo5, f, = 800 Hz, L,  = 104 dR, u‘,/lJm = 0.4%). 
Arbitrary verticd scale (lower trace shown with expanded abscissa scale). 

thc fluctuation intensities observed downstream. The optimum effect occurred at  an 
fp about 40 % higher than the natural ‘initial roll-up’ frequency. (The cwmsponding 
excitation Strouhal number, based on the initial momentum thickness, was 0.017.) 
The effect was found to diminish as a fully turbulent state of the initial boundary 
layer was approached (see also Zaman 1985). With the latter boundary-layer state, 
the fluctuation intensities were already low, and it was as if the excitation at  
Strouhal number 0.017 was ‘tripping’ the initial shear layer to full turbulence ~ an 
initial condition that yielded the lower fluctuation intensities downstream. 

The f,-range that eliminated the low-frequency oscillation is found to bear a 
relationship similar to the above with the ‘initial roll-up ’ frequency of the separated 
shear layer, as discussed further shortly. Similarities can be observed, in the effect of 
the excitation, between the visualization pictures in figure 14 and those shown by 
Zaman & Hussain (1981a). This leads to the speculation that the low-frequency 
oscillation should not occur when the separating boundary layer is fully turbulent. 
On the other hand, the indications are that the phenomenon also does not occur with 
a laminar boundary layer. Thus, the increased free-stream turbulence or the trip or 
the lower-fp excitation, needed for the phenomenon to take place, must have 
produced a certain transitional state of the separating boundary layer. 

The characteristics of the speculated ‘transitional state ’ remain unchartered. 
Measuring the fluctuating velocity profile near the separation point was con- 
templated b u t  carrying it out with proper accuracy and resolution in the unsteady 
flow was considered formidable at this time. However, some observations on the 
scparating-shear-layer instability were made. With a (single) hot wire placed near the 
uppermost reach of the fluctuating shear layer, time traces and spectra were obtained. 
Figure 22 shows such a time trace for R, = 0.47 x lo5 with excitation a t  fp = 800 Hz 
yielding a 4.5 Hz oscillation. The top trace clearly shows the periodicity a t  4.5 Hz. 
The flow oscillation a t  800 Hz can be barely observed in the relatively clean rising 
portion of the enlarged trace shown a t  the bottom. The corresponding u’-spectrum 
did show a small but clear peak at 800 Hz. This peak could be tracked up to about 
15% chord location, with a broadband subharmonic peak emerging at  about 9 %  
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FIGURE 23. Excitation-amplitude effect on u; (at 4.5 Hz, Sf= 0.25 Hz),  measured at x / c  = 1.5, 

y/c = 0.15 and z = 0. u = 15", R, = 0.47 x lo5, .',/Urn = 0.40/0. 

chord location. The spectral evolution resembled that observed in free shear layers 
(e.g. Kibens 1979), but the events were rendered complex due to the presence of the 
wall and especially the unsteadiness. 

Single realizations of the spectra of signals as in figure 22, without any excitation, 
were examined. Occasionally, apparently when the cleaner part of the time trace was 
captured, the spectra exhibited a band of spikes roughly centred around a mean 
frequency, to be called f,. f, can be viewed as the natural, initial roll-up frequency 
of the separated shear layer, when the separation is the maximum. f,, estimated 
from several realizations, is shown by the arrow in figure 20 for R, = 0.75 x lo5. 
Thus, the enhancement of the low-frequency oscillation occurs when excitation is 
applied a t  fp in the range 20%-60% of f,. On the other hand, f p  ranging 
100 %-200 YO off, results in the suppression. The latter range covers the optimum 
fp(about 140 % off,) observed by Zaman & Hussain (1981 a) in the free-shear-layer 
turbulence suppression phenomenon. 

3.3.2. Excitation-amplitude effect 

The excitation-amplitude effect in the generation of the low-frequency oscillation 
is documented in figure 23 for three different fp. Obviously, the effect is pronounced 
in a range of amplitudes that depends on the frequency. I n  all cases, the low- 
frequency oscillation is suppressed at high amplitudes ! (The microphone signal, a t  
the highest amplitudes, was checked to be free of' significant harmonic distortion.) 
Note that L,  is the SPL measured a t  a point on the ceiling above the airfoil and does 
not necessarily represent the level around the airfoil. But for a given fp, increasing 
L,  should represent increasing excitation amplitude around the airfoil. 345 Hz is the 
fundamental cross-resonance of the test section. In  this case, there is a fluctuating 
pressure node near the airfoil. The corresponding fluctuating (transverse) velocity 
intensity (vi) can be determined; for example, a t  L,  = 100 dB, v; would be about 
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4.8 mm/s. The amplitude-effect data remain little understood. Perhaps, the 
‘transitional state ’ speculat,ed above depends on the amplitude. However, it is clear 
that the separating-boundary-layer state that  gives rise to the low-frequency 
oscillation is very sensitive to the ambient condition. 

3.4. Further considerations 

3.4.1. Reynolds-number and airfoil-shape effect 
Figure 24 ( a )  shows the wake velocity spectra for various cases as indicated in the 

figure caption. For each case, the anticipated a-range was scanned to obtain 
optimum low-frequency oscillation in the wake. Traces (i)-(iii) are for the 12.7 cm 
chord (LRN) airfoil for which data have been discussed so far. These together with 
figure 3 show that the low-frequency oscillation takes place a t  St, z 0.02 with this 
airfoil over the entire R, range of 0.25 x 106-105. At the lowest R, acoustic excitation 
was needed to produce the effect even with the screen in place. Traces (iv) and (v) are 
for the 25.4 cm chord (LRN) airfoil, with which the low-frequency oscillation took 
place at a higher a ( = 17”) and Xt, ( = 0.033). 

While the lower five curves in figure 24(a) are for airfoils that spanned the full 
width of the tunnel, data were also obtained with a shorter, 30.5 cm span (LRN) 
airfoil ( c  = 12.7 em). It was mounted centrally in the 76 em width of the tunnel. 
Trace (vi) represents this case showing that the oscillation occurred at about St, = 
0.025 at  a = 18”. This proved that the low-frequency oscillation was not due to an 
interaction between the corner flows from the junctions of the airfoil and the tunnel 
walls. In passing, let us note that the ‘shedding frequency’ of the junction vortices, 
from a cylinder and flat-plate junction, has been found by Thomas (1987) to  be 
Reynolds-number dependent but approach the ‘Strouhal frequency ’ a t  high Re such 
as covered in the present experiment. 

Two other airfoils were also tried: an NACA0012 ( c  = 10.2 cm) and a Wortmann 
FX 63-137 ( c  = 12.7 em), both having span equal to the tunnel width. After 
considerable trial, the NACA0012 was found to produce similar fluctuations when 
tripping was applied near the leading edge on the under surface (as described earlier). 
Trace (vii) in figure 24(a) represents this case. The oscillation occurred at  about 
St, = 0.022 but could not be made as strong as in the other airfoil. With the 
Wortmann airfoil, which exhibits a different stall type, to be discussed shortly, all 
trials failed to produce the phenomenon. 

Here, let us note that the LRN airfoil has a fairly sharp leading edge compared to 
the latter two. Surveys were also made by turning the latter two airfoils through 180” 
so that the sharp trailing edge took the place of the leading edge. This did not 
produce the phenomenon, which indicates that leading-edge sharpness is not a 
requisite in the generation of the phenomenon. The airfoil used by Farren (1935) also 
had a fairly rounded leading edge. 

Additional wake velocity spectra are presented in figure 24 ( b )  covering further 
parametric ranges. Traces (i)-(v) cover the entire R, range of 0.15 x lo5-3.0 x lo5, 
available in the tunnel, over which the phenomenon consistently took place with the 
LRN airfoil. At this point we cannot be sure if the phenomenon will persist a t  even 
higher R,. Within the range covered, however, there is no noticeable effect of R,. 
Moss’s (1979) observation of low-frequency force fluctuations covered the R,-range 
up to 4 x lo5 - which is still ‘low’ in airfoil aerodynamics terminology (Mueller 1985). 
However, McCullough & Gault (1951) had reported a ‘violent buffetting ’ of an 
NACA 63,-012 airfoil a t  R, = 5.8 x lo6, akin to the observations of Farren (1935) and 
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FIGURE 24. (a )  u'-spectra a t  x / c  = 1.5, y/c = 0.15 and z = 0, for different airfoils. (i)-(iii) for the 
c = 12.7 cm LRN airfoil a t  a = 15"; (iv), (v) for c = 25.4 cm LRN airfoil at  a = 17'; (vi) for c = 
12.7 cm LRP; airfoil with 30 cm span, at  a = 18'; (vii) for c = 10.2 cm KACA0012 airfoil, a = 14". 
( b )  u'-spectra as in ( a )  for LRN airfoils, but covering further parametric ranges. (i), (ii) c = 7.3 cm, 
a = 17'; (iii)-(v) c = 25.4 cm, a = 16"; (vi), (vii) c = 12.7 cm, a = 15', airfoil supported at 0 . 2 5 ~  and 
0 . 7 5 ~  from leading edge, respectively. 
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FIGURE 25. Lift coefficient vs. a for the LRK airfoil. (a )  c = 12.7 om, R, = 0.75 x lo5, ub/U, = 
0.4%. Solid curve for no excitation, dashed curve forf, = 3 kHz. (b )  c = 12.7 cm, R, = 0.75 x lo5, 
u k / U ,  = 0.1 %. Solid curve for no excitation, dashed curve for f, = 345 Hz. (c)  c = 25.4 cni, 
R, = lo5, uC/rJ, = 0.4%, no excitation. 

Jones (1933). Unfortunately, this was not pursued any further. However, this is an 
indication that the phenomenon may not be typical of low Reynolds number 
only. 

Traces (i) and (ii) in figure 24(6) were obtained with a smaller c = 7.3 cm chord 
airfoil. The St, turned out to be about 0.025. Note that with the c = 12.7 cm and 
25.4 cm airfoils St, was found to be about 0.02 and 0.033, respectively. Thus, the data 
fail to reveal any consistent trend in the dependence of the value of Xt, on the chord. 
For an airfoil of given chord, however, the value of St, is found to remain 
approximately constant. The frequency scaling of the phenomenon remains 
unknown. Here, let us note that the 10.8 cm airfoil of Zaman et al. (1987) as well as 
the 15.2 cm airfoil of Farren (1935) both yielded an St, w 0.02. 

While the rest of the data in the paper were obtained with the airfoil supported at  
midchord, traces (vi) and (vii) in figure 24(b) represent data with the airfoil 
supported a t  two other chord locations. In  spite of the small difference in St, in (vii) 
it  is clear that the phenomenon occurs in all support configurations. As the moment 
coefficient (C,) distribution (vs. a )  for different support configuration should be 
different, it is obvious that the phenomenon is not typical of any particular range of 
the C, us. a curve. 

3.4.2. Increase in the mean Zift coeflcient 

Five lift-coefficient, C,, curves for the LRN airfoil are shown in figure 25. The two 
pairs on the tap are for the c = 12.7 cm airfoil a t  R, = 0.75 x lo5. The top pair (a )  is 
for the flow with the screen. The solid line is for the flow without any excitation, 
producing the 6 Hz oscillation naturally a t  a = 15' ; the dashed line is with excitation 
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at  3 kHz completely eliminating the 6 I-Iz oscillation (see figure 20). Note that the lift 
coefficient is decreased as a result of the excitation around a = 15’; a similar 
observation was made by Zaman et al. (1987). The pair in the middle ( b )  is without 
the screen. The solid curve is for the unexcited flow in which the low-frequency 
oscillation was absent. Comparing the two solid curves in these two pairs, one finds 
that just increasing the free-stream turbulence resulted in an increase in C, throughout 
the a-range covered. A similar observation was made by Mangalam et al. (1986) for 
the same (LRN) airfoil by appropriate tripping on the upper surface. 

The dashed curve in the second pair represents excitation a t  345 Hz yielding the 
low-frequency oscillation. Note that there is an increase in C, at all a, but more so 
around 15”. Thus, in both cases (a )  and ( b )  the occurrence of the low-frequency 
oscillation is accompanied by an increase in the (mean) lift coefficient. In  particular, 
a marked peak was observed for the 25.4 cm airfoil, as shown by the bottom curve 
( c )  in figure 25, a t  around 01 = 17” where the low-frequency oscillation took place. The 
cause of the higher (mean) C, is not clearly understood. The flow oscillations may be 
responsible for this. The energetic flow oscillations (at the low frequency) may result 
in a tendency towards reduced (overall) separation, causing the higher lift, just as 
excitation does in some cases, e.g. during post-stall conditions (Zaman rt al. 1987). We 
note that Farren (1935) had also observed ‘unusual peaks’ in the lift curves - but 
only during ‘ pitch-up ’ motion of an oscillating airfoil, 

3.4.3. Influence of ‘stall type ’ 
The most conspicuous difference of the Wortmann airfoil, which did not produce 

the low-frequency oscillation, is in its stall characteristics. With the same conditions 
as in figure 25, it exhibited a discontinuous lift a t  stall accompanied by significant 
hysteresis. At R, = 0.75 x lo5, it stalled at about 14” when a: was being increased but 
returned to the unstalled state a t  about 8” when a was being decreased (Zaman & 
McKinzie 1989). 

From systematic observations of the separated flow, with nothing more than a 
Pitot tube and tuft technique, Jones (1933) made a lasting contribution to the field 
of airfoil aerodynamics. He described three types of stalling process associated with 
different airfoils. ( 1 )  With increasing a, separation occurred first near the trailing 
edge and then approached the leading edge. Found with airfoils ‘R.A.F. 32’ and 
‘Clark YH ’, the stall did not involve noticeable hysteresis. (Prior to the stall, a short 
separation bubble occurred with the former but not with the latter airfoil.) (2) With 
increasing a, a short bubble near the leading edge elongated and was followed by 
separation from the leading edge. No hysteresis was observed with the ‘ R.A.F. 28’ and 
‘R.A.F. 30 ’ airfoils exhibiting this type of stall. (3) Abrupt leading-edge separation 
took place with discontinuity in the lift curve accompanied by hysteresis. The model 
‘E’  (‘Airscrew’) airfoil exhibited this type of stall. The three types of stall were 
further investigated by McCullough &, Gault (1951), the type (2) stall having been 
referred to as the ‘ thin-airfoil stall ’. It was noted that the stall exhibited by a given 
airfoil may not exactly fit one of the three types and may also depend upon R, and 
ambient conditions. 

I n  his study, Jones (1933,1934) observed that ‘violent force fluctuations ’ occurred 
with the first two stall types but not as prominently with the third. One of the 
distinctions between the first two types of stall was in the relative location of the 
large fluctuations on the lift curve - occurring a t  the incidence of maximum lift with 
type (2) but a few degrees above the incidence of maximum lift in type (1) .  

From the flow visualization pictures with varying a shown by Zaman et al. (1987), 
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and from inspection of the lift curves in figure 25, the LRIL’ airfoil appears to be a 
borderline case between type (1)  and type (2) stalls. The Wortmann airfoil, on the 
other hand, clearly fits the description of type (3) stall. The absence of the low- 
frequency oscillation in conjunction with appearance of stall hysteresis with the 
Wortmann airfoil closely matches Jones’ observation for airfoil ‘E’. In a way, the 
periodic switching between stall and unstall being studied here appcars mor- 
phologically similar to the stall hysteresis phenomenon. Depending on the airfoil 
shape, it is as if the hysteresis effect replaces the low-frequency oscillation 
phenomenon. Jones (1933) had also commented, ‘ ... a study of the whole available 
data, including the pressure diagrams at the critical incidences, leads irresistibly to  
the conclusion that the flow changes which were responsible for the fluctuations were 
of the same kind as those which caused the discontinuity with aerofoil E . . . , except 
that, with E, either regime could be maintained for a long period and the details 
could be easily examined ’. 

3.4.4. Stall $utter 

Bluff-body shedding has been shown to produce negligible flow fluctuations around 
the airfoil in the present study. I n  comparison, the low-frequency oscillation 
produces much larger fluctuations (see figures 5. 16-19). The fluctuations induced on 
the lift were measured for the two cases of $3.2. The fluctuation in C, for the a = 15’ 
case, to be further discussed in the next section, was found to be about 50% of the 
mean C,. In comparison, the fluctuation for the 22.5” case was very small and 
estimated (from the lift-signal spectrum) to be only about 1 YO of the mean C,. 

Thus, the low-frequency oscillation could be a more effective mechanism in 
instigating stall flutter. Flutter of wings and blades is the self-sustained vibration 
occurring at the fundamental flexural or torsional resonances or a t  any or 
combination of their harmonics (Armstrong & Stevenson 1960). In  turbomachinery 
bladings, flutter has been observed to be predominantly torsional (Halfman, Johnson 
& Haley 1951; Baker 1955). Avoiding flutter is a serious design consideration in 
turbomachinery as well as in propellers and wings. ‘Stall flutter’ denotes the 
condition when the flow is stalled during all or part of the oscillation cycle, in contrast 
to ‘classical flutter’ which takes place at lower incidences when the flow is 
attached. 

Although flutter is the vibration at the structural resonant frequencies, the 
unsteady flow must be responsible for its sustenance. Without stimulation from the 
flow, the vibration would normally be expected to damp out. The aerodynamic 
aspect of flutter, of course, is the concern here. For a given bladr or wing 
configuration, there exists a (critical) lower limit of free-stream speed (or the 
equivalent of it) -referred to in the literature as the ‘flutter speed’ - below which 
flutter does not occur. ‘Flutter speed’ has been often non-dimensionalized by the 
frequency and the chord and thus is inversely proportional to St, for a given 
incidence. The lower limit in ‘flutter speed’ thus denotes an upper limit of St, above 
which flutter is not expected to occur. If bluff-body shedding (and harmonics) were 
the primary stimulant to induce flutter, one would expect this upper limit of S t ,  to be 
greater than 0.2 and possibly most flutter frequency data to correspond to St, = 0.2. 
However, a review of the literature clearly suggests that  this upper limit is much 
lower than 0.2. 

As mentioned in § 1,  this limit found by Armstrong & Stevenson (1960) was about 
0.012 for flexural and about 0.05 for torsional flutter. Baker (1955) provided 
systematic data on torsional ‘flutter speed’ as a function of incidcnee while varying 
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stiffness, taper, twist, aspect ratio and various other parameters. The minimum 
'flutter speed' occurring around 20" incidence, was independent of many of these 
parameters, and corresponded to an upper St, limit of about 0.1. The flutter 
boundary dat,a, for an NACA 64-012 airfoil, obtained in connection with space- 
shuttle wing design, cited by Ericsson (1986), also converts to an St, range of 
0.034.14. Thus, the upper limit of St, in flutter has always been found to be 
significantly lower than the value 0.2, flutter usually having been observed a t  much 
lower values. 

The above suggests that bluff-body or Karman vortex shedding cannot be the flow 
mechanism by which flutter is initiated and sustained. The low-frequency oscillation 
under study - involving the periodic stalling and unstalling ~ is a much likelier 
description of the fluid dynamics of stall flutter. The force fluctuation measurements 
of Farren (1935), Jones (1933), Moss (1979) and the present study clearly support this 
notion. 

4. Computational study of the flow 

4.1. Procedures 

An upwind-biased, implicit, approximate factorization, computer algorithm which 
solves the t,hin-layer approximation to the two-dimensional Navier-Stokes equations 
is used in the present analysis (Rumsey et al. 1986; Rumsey 1987). The algorithm is 
first-order accurate in time and second-order accurate in space. A quasi-one- 
dimensional characteristic analysis is used to explicitly determine the far-field 
boundary conditions. On the body, no-slip, adiabatic conditions along with a zero 
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FIGURE 27. C, variation with time: (a) with different computational domain boundaries. rmSx is 
an average distance of the boundary from the airfoil. (5) With different grid density. 

normal pressure gradient are applied. Although its applicability in unsteady stalled 
flow is questionable, the Baldwin-Lomax algebraic turbulence model is employed 
with transition location assumed to be a t  the leading edge. 

The grid used is a 257 x 97 C-mesh with 176 points on the airfoil, having an outer 
boundary extent of 15c from the airfoil and a minimum average normal spacing a t  
the wall of O.OOO1c. The latter spacing ensured about three grid points within the 
sublayer in the case under consideration. The computations were performed a t  a 
Mach number of 0.3. All computations were started from free-stream conditions, 
without any imposed perturbation, and were carried on until a quasi-periodic limit 
cycle was reached. 
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FIGURE 28. sZ,(c/U,) contours as in figure 16 but obtained computationally. y' is perpendicular 
distance from the chord line. Measurements a t :  (a)  x /c  = 0, ( b )  x /c  = 0.5 and ( c )  x /c  = 1.5. 

4.2. Computational results 

The computation was performed for the same airfoil shape (LRN), R, ( = 0.75 x lo5) 
and a ( = 15") as in the experiment. This yielded a low-frequency oscillation at 
Xt, = 0.03. Corresponding lift-coefficient variation with time is shown in figure 26, 
compared with the experimentally measured variation. I n  spite of the difference in 
the period, the waveform shapes are observed to be quite similar. These data 
provided confidence that the computation was capturing the essence of the flow 
physics. The flow-field characteristics were then computed, in such detail as would 
be impossible to obtain experimentally. 

A few critical questions are addressed first. Townsend, Rudy & Sirovich (1987) had 
encountered a low-frequency oscillation, in (laminar) Navier-Stokes computation of 
a cylinder wake, due to reflection from the computational domain boundary. A 
standing (acoustic) wave was set up giving rise to a low-frequency modulation of the 
Kirman vortex shedding, resulting in wake velocity spectra that had curious 
similarities to the experimental observation of Sreenivasan (1985). Townsend et al. 
(1987) traced the origin of the low-frequency modulation to half-wave acoustic 
resonance between the cylinder and the computational domain boundary. They 
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FIGURE 29. For caption see facing page. 

showed it by simply extending the boundary, causing a commensurate decrease in 
the frequency. 

Appropriate (non-reflective) boundary conditions were used in the present 
computation. However, possible residual reflection giving rise to standing waves was 
further probed by computation with shortened (10 c )  and extended (30 c )  C-mesh 
domains having 253 x 95 and 267 x 104 grid points, repectively. The results are 
shown in figure 27 (a )  and it is clear that for grid extents larger than 15 c, variation 
in the boundary does not change the frequency or waveform of the (?,-variation. This 
disproves the existence of standing waves similar to those observed by Townsend 
et al. (1987), and establishes the adequacy of the 15 c extent of the computational 
domain. 

I n  order to assess the effect of grid density on the unsteady solution, a coarser 
211 x 81 grid was also employed. The resulting lift-coefficient history is compared 
with that from the finer grid in figure 27 ( b ) .  Results are very similar, with only slight 
differences in the global characteristics of the flow field. 

The temporal distributions of 0, for three x-locations are shown in figure 28. These 
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FIGURE 29. Spatial distributions of Q,(c /U, )  obtained computationally for the six phases marked 
on figure 26(b ) .  Contour levels are at increments of 2. Corresponding C,-distributions are shown on 
the right for each phase; 2’ is distance from leading edge. 

data are constructed from spatial distributions computed for contiguous time steps. 
(Note that the bracket in 52, is omitted as these data are for a ‘single realization’ and 
are not ensemble averages.) The distributions in figures 28(a) ,  2 8 ( b )  and 28(c)  
should be compared with those in figures 16(a) ,  16(c) and 16(d) ,  respectively. One 
finds that the peak levels obtained computationally are somewhat higher. However, 
the overall distributions are similar to those found experimentally. The high levels 
diminish rapidly by the distance x /c  = 1.5, and no significant ‘roll-up is observed. 

The computed spatial distributions of52,, a t  the phases marked 1-6 in figure 26 ( b ) ,  
are shown in figure 29. Also shown are the corresponding pressure coefficient ( C p ) -  
distributions. In contrast to the data in figure 28, significant concentration of the 
vorticity is observed instantaneously. However, the flow structure changes rapidly, 
and drastically, e.g. between phases 1 and 2 .  Note that the distribution in figure 28 
is constructed from the distribution of figure 29 a t  many time steps ; but in the fast- 
evolving field, the temporal distribution appears quite different from the spatial 
distributions. Note also that in the computation i t  was easier to obtain the spatial 



440 K .  B. M .  Q .  Zaman, D. J .  McKinzie and C. L .  Rumsey 

distributions, and difficult and time consuming to construct the temporal 
distributions. The reverse was the case in the experiment ; it was possible to obtain 
the ensemble-averaged temporal distributions (figure 16), but to obtain the 
corresponding spatial distributions would be a formidable task. 

Concerning the significance of the temporal and spatial distributions, either can be 
meaningful and important to the understanding of the flow physics. The spatial 
distributions, however, have the added advantage of corresponding more directly to 
the flow visualization pictures representing the flow field a t  certain instants (Zaman 
& Hussain 198lb). Referring back to  figure 14, some similarities can be observed 
between the picture for the unexcited case with phase (5) in figure 29. 

A concentration of counterclockwise vorticity is observed to form near the trailing 
edge in phase (5) of figure 29. The lift coefficient at this instant is approaching the 
minimum (figure 26). The vortex stays almost stationary and grows through phases 
(6) to ( l ) ,  but then abruptly gets squashed in phase (2) when the lift has jumped to 
a high value. On the other hand, a concentration of clockwise vorticity first 
appearing at  midchord in phase (3), having the appearance of a 'dynamic stall 
vortex' (McCroskey, Cam & McAlister 1975), grows to a maximum in phase ( 5 ) .  It 
moves slightly downstream during phases (3)-(5)  but rapidly dissipates in phase (6) 
with the appearance of the counterclockwise vorticity. Note that about one chord 
downstream of the trailing edge, very little vorticity concentration occurs, 
commensurate with the distributions in figures 28 (c) and 16 (d) .  

The rapid changes in the .C,-distributions (figure 29) produce fluctuations in the 
lift coefficient as shown in figure 26 ( b ) .  The ' sloshing ' of the C,-distribution on the 
upper surface also indicates large fluctuations in the moment coefficient. The moment 
coefficient, computed a t  about one-quarter chord, varied between -0.07 and -0.49, 
corresponding to the data in figure 29. 

In the final stages of this investigation, a similar computation was also performed 
with a Wortmann airfoil a t  R, = 75000 and CL = 15". Recall that  the low-frequency 
oscillation was not observed with this airfoil in the experiment. The computational 
results were also free of the low-frequency oscillations ! 

5. Conclusions 
The present paper documents data on a phenomenon of low-frequency oscillation 

of flow over an airfoil that is different in many ways from the relatively well-known 
Kkrman or bluff-body vortex shedding. Various questions have remained un- 
answered but the following inferences have been clearly made : ( 1 )  The phenomenon 
is hydrodynamic in nature and not due to a standing acoustic wave. (2) It is not a 
result of stimulation from structural resonances or blower instabilities. (3) The origin 
of the phenomenon traces to the upper surface of the airfoil near the leading edge, 
to a periodic switching between stalled and unstalled states. Over the airfoil the 
unsteady flow field is apparently two-dimensional. (4) The flow fluctuations are 
intense over the airfoil but decay rapidly downstream. The fluctuations impart 
unsteady forces to the airfoil much larger than that experienced during bluff-body 
shedding. The large unsteady forces must be given due consideration in various 
design codes. (5) The wake does not involve a K k m h  vortex street. The intense 
spanwise vorticity shed from the upper surface is observed to disappear rapidly. (6) 
The unsteady flow field for the bluff-body shedding case has been shown to be 
insensi.tive to airfoil shape and Reynolds number within the range covered. The 
corresponding flow fluctuations have been found to  be very small around the airfoil. 
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The Karman vortex street ‘rolls-up’ within one half-chord and reaches an 
‘asymptotic state’ by about three chords from the trailing edge. 

Based on the results, the following conjectures are also made : ( 1 )  The phenomenon 
appears different from bluff-body shedding as well as other examples of self-sustained 
fluid mechanical oscillation such as edgetone, flow over cavities, supersonic jet 
screech, etc. In  all the other examples there is always an obvious, imposed 
lengthscale that determines the wavelength of the oscillation. Usually, an integral 
multiple of the wavelength equals to the imposed lengthscale. I n  the present case, the 
tendency towards a constant Strouhal number indicates that the chord enters as a 
lengthscale; however, this lengthscale is equal to only a small fraction of the 
corresponding wavelength. (2) It takes place with airfoils exhibiting either the 
‘ trailing-edge ’ or ‘ thin-airfoil ’ type stalls but does not with the ‘ leading-edge ’ type 
stall involving hysteresis. (3) Although observed at low Reynolds numbers, data 
from the literature suggest that it may persist a t  higher Reynolds number. (4) Stall 
flutter is not, induced by bluff-body shedding. The unsteady flow field in stall flutter 
may be represented by that documented here for the low-frequency oscillation. ( 5 )  
The phenomenon depends on the separating-boundary-layer state. It takes place 
with a ‘transitional state ’ but not with laminar or fully turbulent states. This is why 
it has been found to  be illusive and sensitive to ambient conditions. (6) The 
computational method, as employed in the present study utilizing the Baldwin- 
Lomax turbulence model, appears to have captured the essence of this ‘transitional 
state ’, producing essentially the same phenomenon. 
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