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Fig. 4 Topological structures of the separated flows and their evolu-
tion with changing «.

primary separation line rolls up into a concentrated vortex
above the body. The outer boundary of the bubble becomes
the aft segment of the primary separation line, and so only the
fore segment of it is the open separation line practically. In the
- a region of 45-65 deg, the vortex bursts above the body and is
called a bursting vortex. The flowfield becomes unsteady and
asymmetric. At about 65 deg, the two open separation lines
join up and become a closed separation line. There is another
type of vortex: the vertical vortex shed from the aft segments
of the primary and secondary separation line (see the photo of
o = 30 deg). It is very weak and unsteady. When «>65 deg,
the flow becomes unsteady vortex shedding (see o = 70 deg).
Figure 3 gives some results from the laser sheet technique. It
can be seen that the free edge of the separation surface from

open separation is a spiral streamline, which is around the
vortex axis instead of coinciding with it.

3) The topological property and identification of the start-
ing point of open separation: Figures 1-3 show that there is
not any singular point in the starting region of an open separa-
tion, including the body surface and the flowfield concerned.
However, we have found that the open separation leads to a
fold of the near-wall stream surface; it is just a cusp catastro-
phe, and the cusp point on the wall can be used to define and
identify the starting point of open separation.*

4) The topological structures of the separated flow and
their evolution with changing « are shown in Fig. 4. It is from
a topological analysis to the experimental results obtained. In
Fig. 4, P-Ng (or P-Np) denotes the open separation line, and
S-Ng (or S-Ng) denotes the closed separation line. The N is
the footprint of the vertical vortex. The developed sketch of a
surface flow pattern can be obtained by cutting the body
surface from N, to N, and developing it in a topological
manner. In the o region of 45-65 deg, there are several un-
steady pairs of Ng-S on the secondary separation line. The
theoretic foundation of the previous topological analysis is in
Ref. 5. ‘
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Reynolds Stress Profiles in the Near
Wake of an Oscillating Airfoil

Seung O. Park* and Boo Il Lee}
Korea Advanced Institute of Science and Technology,
Taejon 305-701, Republic of Korea

Introduction

4 OST previous research efforts concerning unsteady aerody-
namics of oscillating airfoils were directed to unsteady wing
loading associated with separation and dynamic stall phenomena.
Relatively little attention, however, has been given to the study of
oscillating wakes. Ho and Chen! studied experimentally the un-
steady wake of a plunging airfoil at incidence using a hot-wire
rake. De Ruyck and Hirsch? measured the instantaneous velocity
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Fig. 1 Wake visualization K = 0.2, flow right to left: a) o = 6.4 deg, o

=120 deg; b) o = 0 deg, ¢ = 180 deg; ¢) 0. = —3.7 deg, ot = 210 deg;
and d) o = 6.4 deg, ¢ = 60 deg.
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Fig. 2 Streamwise velocity profiles o: steady state; A: unsteady; K =
0.2: ) o = 6.4 deg, ¢ = 120 deg; b) o = 0 deg, ¢ = 180 deg; ¢) 0. =
—3.7 deg, ot = 210 deg; and d) o = 6.4 deg, ©f = 60 deg.
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and turbulence intensity profiles of the wake of a sinusoidally
pitching airfoil.

In our previous work,>* we studied experimentally unsteady
wakes behind an airfoil oscillating in pitch about several mean
incidences. The phase-averaged velocity and turbulence intensity
profiles were measured with a stationary I-type hot wire and the
periodic variation of the wakes was visualized using a smoke-wire
technique. As an extension to our earlier work, measurements of
the turbulence quantities using an X-type hot wire in the near wake
were carried out. The unsteady wake of the present work under-
goes various states of change. Depending on the phase angle of
oscillation, the wake may exhibit very well organized vortical
structures, or it may show intermingled, fully turbulent features.
The purpose of the present Note is to report the Reynolds stress
distributions at several downstream stations in conjunction with
the visualized wake. This will enhance our understanding of the
link between the Reynolds stress profiles and the wake flow pat-
terns often represented by streak lines.

Experiments

The experimental setup used for the present study was the same
as the one reported earlier.* The mean incidence angle and the
amplitude of oscillation were set at 0 and 7.4 deg, respectively.
The reduced frequency X, defined as K = oC/2U,,, was 0.2. Here,
o is the circular frequency, C the chord length, and U, the free-
stream velocity. U, was set at 4 m/s and the Reynolds number
based on the chord length was 27,000.

A Dantec constant temperature hot-wire anemometer system
(type 55M10) along with an X-type probe (type 55P61) were
employed for measurements. Two TSI model 1072 linearizers
were utilized to linearize the anemometer output from each chan-
nel. To monitor the temperature variation during the measurement,
a T-type thermocouple (Fluke 2190A) was installed in the test sec-
tion.

The trigger pulse produced once per revolution of the driving
disk was sent to the Waveform Analyzer (DATA 6000, Data Preci-
sion Co.) equipped with a 14-bit analog-to-digital converter. Data
were taken, at a given probe location, at 48 sampling points (48
phase angles) distributed evenly over a period of oscillation. For
each phase angle, 300 ensembles were used for averaging. Mea-
surements were made at five downstream stations: x/C = 0.03,
0.08, 0.15, 0.5, and 1.0. At all of the stations, the probe was tra-
versed vertically in the range y/C = —0.4-0.4.

To minimize the temperature variation during the measurement,
the system was warmed up long enough to maintain laboratory
room temperature approximately constant within =1 deg. To ac-
count for the temperature change in the test section during mea-
surement, the output voltage was corrected based on the formula of
Kanevce and Oka.” To compensate the output voltage for the
velocity component parallel to the axis of the wire, we adopted the
formula suggested by Champagne and Sleicher.®

The flow visualization photographs were taken in our earlier
work? and some of those are reproduced here for convenience of
the presentation of the present measurement data.

Results and Discussion

Figures la—1d show some of the wake flow patterns that appear
during the period of oscillation. Since the Reynolds number of the
present experiment was rather small, the near wake was not always
turbulent. The hot-wire signal monitored at x/C = 0.03 indicated
that the wake at this location varied from wavy to turbulent flow.
The output signals for the phase angle in the range of 30-70 deg
and 210-300 deg showed that the flow was wavy (see Fig. 1d).
Corresponding to each plate of Fig. 1, the mean streamwise veloc-
ity, the streamwise and the transverse intensity, and the shear
stress profiles are given in Figs. 2, 3, and 4, respectively. For refer-
ence purposes, the velocity and the shear stress profiles for the
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Fig. 3 Turbulence intensity profiles, unsteady, o: streamwise inten-
sity; A: transverse intensity; K = 0.2: a) o. = 6.4 deg, wt = 120 deg; b) a. =
0 deg, wr =180 deg; c) o = —3.7 deg, wr = 210 deg; and d) o = 6.4 deg,
of = 60 deg.
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Fig. 4 Reynolds shear stress profiles o: steady state; A: unsteady; K =
0.2: a) o, = 6.4 deg, & = 120 deg; b) o = 0 deg, & =180 deg; ¢) = —3.7
deg, o7 = 210 deg; and d) o = 6.4 deg, ¢ = 60 deg.

case of the steady airfoil measured at the same angle of attack as
the instantaneous angle of attack of the pitching airfoil are
included in Figs. 2 and 4, respectively.

Figure 1a illustrates shed-off turbulent vortices after the onset of
trailing-edge separation. The corresponding velocity profiles and
the Reynolds stress profiles are shown in Figs. 2a, 3a, and 4a,
respectively. The velocity profiles in the very near wake (x/C <
0.2) of Fig. 2a indicate that the wake thickness at this instant is
considerably larger than the other cases. The turbulence intensity
profiles seen in Fig. 3a are broader and the intensity levels are
higher than in the other cases. In the very near wake region, the
streamwise and the transverse intensity profiles are roughly the
same. The Reynolds stress profiles of Fig. 4a indicate that the
shear stress in the upper part of the wake is much larger than in the
lower part reflecting the large-scale turbulent vortical structures
shedding off the upper surface and the subsequent bursting of
those structures into the wake.

As the instantaneous angle of attack decreases further, the wake
becomes fully turbulent and narrower. A typical flow pattern at
zero instantaneous angle of attack is shown in Fig. 1b. The veloc-
ity profiles of Fig. 2b and the intensity profiles of Fig. 3b clearly
demonstrate that the wake thickness has become much smaller
than that for the case of Fig. 1a. The shear stress profiles corre-
sponding to this case (Fig. 4b) are in close resemblance to those of
a steady flat-plate turbulent wake at a small incidence. We note
that the peak value of the upper part of the wake is larger than that
of the lower part and that the upper wake ‘is thicker than the lower
wake.

Figure 1c illustrates the wake profile undergoing transition from
fully turbulent (Fig. 1b) to wavy wake (Fig. 1d). The turbulent
intensity profiles of Fig. 3c and those of Fig. 3b at x/C = 0.03 show
that the profiles are double peaked reflecting the boundary layers
developed over the upper and the lower surfaces of the airfoil. The
peak values of the turbulence intensities (Fig. 3c) and the shear
stress (Fig. 4c) are seen to increase with downstream distance up to
x/C = 0.15. It is interesting to note that the shear stress profiles at
x/C = 0.08 and 0.15 are nearly symmetric about the wake center-
line. Also, the magnitude of the peak values at these two stations
are much larger than those of Fig. 4b where the instantaneous
angle of attack was zero and the wake appeared to be fully turbu-
lent.

When the instantaneous angle of attack increases further, the
wake flow pattern becomes wavy and resembles the Karman vor-
tex street. A typical flow pattern is given in Fig. 1d. The intensity
profiles for this case (Fig. 3d) are seen to be qualitatively similar to
those of Fig. 3c. In the very near wake region, both the streamwise
and the transverse intensity profiles have double peaks, and the
peak value increases with downstream distance. It is noted that the
double peaks of the transverse intensity profiles disappear earlier
than those of the streamwise profiles (this is also seen in Fig. 3c).
We conjecture that the diffusion of the transverse intensity be-

comes greater as a result of the vertical up-and-down motion of the
trailing edge. When the intensity profiles of Figs. 3c and 3d are
compared to those of Fig. 3a, we find that the distinct double peaks
normally appear when the influence of unsteady trailing-edge sep-
aration on the wake structure diminishes. The increase of shear
stress with downstream distance in Fig. 4d is also similar to the
case of Fig. 4c. ‘

The instantaneous angles of attack for the case of Figs. la and
1d are the same. The drastic differences between the flow patterns
and the measurement data for these two cases are due to the flow
history or hysteresis which is a most fundamental property of
unsteady flows. Because of this hysteretic behavior, one should be
cautious: when comparison between the unsteady measurement
data and the corresponding steady data are made.

The velocity profiles of the unsteady case and those of the
steady case given in Fig. 2a are similar to one another. However,
the unsteady and the steady profiles of Fig. 2d, where the instanta-
neous angle of attack is the same as that of Fig. 2a, are very much
different from one another. The Reynolds shear stress profiles
depicted in Figs. 4a and 4d compare similarly. A plausible expla-
nation for this tendency can be given as follows. The instantaneous
velocity and the shear stress profiles given in Figs. 2a and 4a,
respectively, are the ones measured after the airfoil undergoes
maximum instantaneous angle of attack (7.4 deg) in pitch-down
stroke (se¢ Fig. 1). Hence, the flow developed during this pitch-
down motion would be detected by the measurement taken at the
instant marked by (a) in Fig. 1. Since the time rate of change of
angle of attack (do/d¢) around the maximum incidence is smaller
than at the other incidences, the flow at incidences around 7.4 deg
is exposed for longer period at high angle of attack. Thus, the flow
situation would be similar to the steady state as shown in Figs. 2a
and 4a. On the contrary, the unsteady measurements taken at the
instant marked by (d) in Fig. 1 reflect the flow conditions devel-
oped at an earlier time. Therefore, the unsteady and the steady data
in Figs. 2d and 4d are very much different from one another.

Summary

Various components of the Reynolds stresses in the near wake
behind a sinusoidally pitching airfoil in conjunction with the visu-
alized wake flow at several phase angles of oscillation were
reported. The present measurement data elucidate the link between
the turbulent normal and shear stresses and the wake flow pattern
represented by the streaklines. Velocity and the Reynolds stress
data were presented for the following cases: the wake immediately
after the unsteady separation, the fully turbulent wake, the relami-
narizing wake, and the Karman vortex street-type wake.
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