
AIAA JOURNAL
Vol. 37, No. 3, March 1999

Investigation of Unsteady Boundary Layer Developed
on a Rotationally Oscillating Circular Cylinder

T. Lee¤

McGill University, Montreal, Quebec H3A 2K6, Canada

The unsteady boundary layer developed on a rotationally oscillating circular cylinder was examined using
closely spaced, multiple hot-� lm sensor (MHFS) arrays at selected forcing rotational oscillation frequencies
(Sf = foD/U0 = 0:0064–0.0217) and amplitudes (D µ = §§ 27:7 and §§ 39:25 deg) for Re < 5:6 £ £ 104. Hot-wire cylin-
der wake characterizations and smoke-tunnel � ow-pattern visualizations were also made to supplement the MHFS
measurements. The results show that the spatiotemporal progression of the stagnation and upper and lower sepa-
ration points and the state of the unsteady boundary layer developed on the oscillating cylinder can be identi� ed
both nonintrusively and simultaneously. The symmetry observed in the instantaneous locations of the upper and
lower separation points, at small oscillation frequency, is consistent with the identical wake width found between
the stationary and oscillating cylinders. The MHFS measurements also indicate a direct coupling between the dom-
inant frequencies of � ow oscillations at the leading-edge stagnation region, laminar-separation unsteadiness, and
vortex shedding. The MHFS characterization of the unsteady boundary layer provides an increased understanding
of unsteady � ow phenomena, which are prerequisites for the control and management of unsteady separation over
bluff bodies. However, higher forcing frequencies need to be investigated.

Nomenclature
D = cylinder diameter
FL = lift produced by the induced circulation, ½0U0

fMHFS = vortex-shedding frequency extracted from multiple
hot-� lm sensor (MHFS) signals

fo = oscillation frequency
fS = vortex-shedding frequency measured with a hot-wire

probe
L = length of the cylinder
R = radius of the cylinder
Re = Reynolds number, DU0=º
S = sensor spacing
S f = forced Strouhal number, fo D=U0

Sr = Strouhal number for � xed cylinders,
fS D=U0 or fMHFS D=U0

t = time
U0 = freestream velocity
® = spin ratio, R!0=U0

0 = induced circulation, .µS1 C µS2/R!0

1µ = oscillation amplitude
µsep = mean separation point on a stationary circular cylinder
µstg = stagnation point
µS1 = upper separation point
µS2 = lower separation point
µ.t/ = instantaneous angular position, 1µ sin 2¼ fot
º = kinematic viscosity of � uid
½ = density of the � uid
¿ = !t
!max = maximum angular velocity of the cylinder rotation
!0 = angular velocity of the cylinder rotation
!¤ = nondimensional oscillation amplitude, R!max=U0

Introduction

T HE � ow past a circular cylinder is a classical problem that is of
importance to both fundamental and applied � uid dynamists.

The appearance of the vortex street in the wake of the cylinder pro-
duces the cyclic � uid forces acting on the cylinder. This interaction
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between the � uid and cylinder causes a � ow-induced vibration when
the vortex-shedding frequency is near the natural frequency of the
cylinder. The vortex-shedding process has been studied by numer-
ous workers since the latter half of the 19th century and still presents
a challenge despite its apparent simplicity. A wealth of literature ex-
ists on this subject, as well as several review papers.1 – 3 However,
when the � ow takes place in a � uid relative to a rotating cylinder, a
new series of � ow phenomena emerges.

Flow past a rotating circular cylinder is a prototyical problem
in the study of unsteady � ow separation. It is also of considerable
practical importance in boundary-layer � ow control.4– 6 Rotation of
all or part of a body may also have applications in active or feedback
control of vortex shedding, with important consequences for wake
modi� cation and the reduction of � ow-induced vibration. The � ow
around a rotating or spinning circular cylinder has been studied
rather extensively by researchers elsewhere.7– 17 Much effort has
been made to investigate both numerically and experimentally the
effects of the spin ratio ® on the modi� cation of the vortex wake and
its associated characteristics, as well as the circulation-induced lift
FL [ D½0U0, where 0 D .µS1 C µS2/R!0, and µS1 and µS2 are the
upper and lower separation points with respect to the instantaneous
front stagnation of the cylinder]. It was found that, depending on the
magnitude of ®, the front stagnation point µstg and µS1 and µS2 could
move greatly from their original positions of the nonrotating case
and that the vortex formation process could be greatly suppressed
or even eliminated. However, only a comparatively smaller number
of researchers have investigated the effects of rotational oscillation
of the cylinder. 18– 25

The effects of rotary oscillations on the cylinder wake were
� rst studied by Okajima et al.18 They examined the forces act-
ing on a rotationally oscillating cylinder with a nondimensional
peak rotation rate !¤ of 0.2–1.0 and a forcing Strouhal number
S f ranging from 0.05 to 0.3, and they observed a synchroniza-
tion similar to that observed for a cylinder in transverse and in-line
oscillation. 26 – 28 Later, Taneda19 studied the effects of rotational os-
cillation at Re D 3 £ 10–102 and indicated that, at very high oscil-
lating frequencies and amplitudes (!¤ > 7–27), the vortex-shedding
process could be nearly eliminated. Recently, Filler et al.21 have
studied experimentally the frequency response of the shear layers
separating from a circular cylinder subjected to small-amplitude
rotational oscillations for Re D 2:5 £ 102–1:2 £ 103. Filler et al.
observed that rotational oscillations corresponding to cylinder pe-
ripheral speeds less than 3% of the freestream can in� uence the
Kármán mode of vortex generation.
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On the other hand, Tokumaru and Dimotakis22 ;23 have shown
that rotational oscillation at very large amplitudes can suppress the
vortex shedding and produce signi� cant reduction in drag on the
cylinder, based on the � ow visualization and velocity measurement
in the cylinder wake. It is now clear that, depending on the fre-
quency and amplitude of oscillation, the wake could become wider,
narrower, or remain the same and that any major change in the
Strouhal frequency Sr .D fS D=U0, where fS is the frequency of
vortex shedding behind a stationary cylinder)has tobe accomplished
by a change in the � ow separation (µS1 and µS2 ) and the associated
wake width by the forced Strouhal frequency S f and the oscillation
amplitude !¤. Accurate measurements of the instantaneous loca-
tions of the stagnation and the upper and lower separation points
are, therefore, critical in better understanding the coupling between
body motion and Kármán vortex shedding that is taking place mainly
through the effect of body motion on the temporal development of
the unsteady boundary layer between stagnation and � ow separation
points. However, the identi� cation of the stagnation and separation
points on a rotating cylinder in a cross� ow has relied heavily on
the qualitative interpretation of � ow visualization, and experimental
techniques capable of characterizing the spatiotemporal progression
of the stagnation and separation points and the state of the unsteady
boundary-layer � ow across the regions of interest quantitatively are
greatly needed.

The purpose of this study was to investigate nonintrusively the un-
steady boundary layer developed on a rotationally oscillating circu-
lar cylinder using closely spaced, multiple hot-� lm sensor (MHFS)
arrays. Hot-wire cylinder wake pro� le and vortex-shedding fre-
quency measurements, as well as smoke-tunnel � ow-pattern visual-
izations, were also made to supplement the hot-� lm sensor measure-
ments. Special emphasis was placed on the structurally nonintrusive
measurement of the spatiotemporal progression of the stagnation
and the upper and lower separation points on the oscillating cylin-
der at small oscillation frequencies and amplitudes. It is anticipated

Fig. 1 Schematics of the MHFS pattern and the layout of the copper leads on the cylinder model.

that the present nonintrusive MHFS characterization of the unsteady
boundary layer would provide an increased understanding of un-
steady � ow phenomena, which are prerequisites for the control and
management of unsteady separation over aerodynamic or bluff-body
objects.

Experimental Methods and Procedures
Flow and Test Facilities

The experiment was performed in the 2 £ 3 £ 6 ft3 low-speed
wind tunnel in the Aerodynamics Laboratory in the Department of
Mechanical Engineering of McGill University. The freestream tur-
bulence intensity was 0.27% at U0 D 13:9 m/s, and the � ow nonuni-
formity was less than 1%. A smooth, hollow aluminum circular
cylinder (with D D 6:25 cm and L=D D 14) mounted horizontally
in the center of the test section was used in the present investigation
(Fig. 1). Circular disks of 18-cm diameter with sharp leading edges
were attached to both ends of the cylinder to keep the two dimen-
sionality of the � ow. The end-disk design and the aspect ratio used
in this experiment followed dimensions used by Lee and Budwig.29

The cylinder was supported in bearings attached to the tunnel walls,
with one end of the cylinder protruding through the tunnel wall
and connected to a stepping motor so that it could be rotated si-
nusoidally [µ.t/ D 1µ sin 2¼ fot] at selected oscillating frequencies
. fo or S f / and amplitudes .1µ or !¤/. The computer control al-
gorithm generated independent, preprogrammed pulse trains that
determined the driving stepper motor shaft displacement and rate
histories. The resulting cylinder motion was motored using a TRW-
type DP801 potentiometer (with an accuracy of §0:5 deg) mounted
at the other end of the cylinder. Figure 2 shows the typical sinusoidal
oscillation waveforms. For the oscillating cylinder experiment, the
oscillation frequencies and amplitudes tested were fo D 1:4–2.8 Hz
(S f D 0:0064–0.0217) and 1µ D §27:7 and §39:25 deg, respec-
tively, with Re D 3:4 £ 104–5.6 £ 104. The low oscillation frequen-
cies used were due to the limitation of the present experimental
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Fig. 2 Typical sinusoidal oscillation waveforms: upper trace, cylinder
angular position from the output of a potentiometer, and lower trace,
reference signal from a function generator.

setup. Note that much larger magnitudes of S f (such that !¤ would
be comparable with U0) would be necessary to send the vorticity
stored in the boundary layer into the wake in a regular manner.22 ;23

However, due to the limitation of the present experimental setup,
small values of S f were used to identify the spatiotemporal move-
ment of µstg; µS1, and µS2 on a rotationally oscillating cylinder instead
of investigating the effects of the rotation on characteristic parame-
ters of the � ow� eld.

The wake of the cylinder was measured by a hot-wire probe
(DISA P11) with a Dantec 56C17 constant-temperature anemome-
ter (CTA). The overheat ratio was set at 1.8. The hot-wire probe
was mounted on a sting extended from a computer-controlled, two-
dimensional traversing mechanism. The probe was moved with ac-
curacy in the x and y directions with 20 and 25 ¹m, respectively. All
hot-wire calibrations, mean-� ow measurements, freestream turbu-
lence levels, rms disturbances measurements, and subsequent pro-
cessing were performed on a 486 personal computer with a 12-bit
A/D converter board (Computer Boards Model Das16/330), using
the Streamer data acquisition software. The hot-wire signals were
sampled at 2 kHz with a cutoff of 250 Hz. Waveforms and frequency
spectra of streamwise velocity � uctuations were also recorded and
analyzed using a dual-channel fast Fourier transform spectrum an-
alyzer (Hewlett Packard Model 3562A). For vortex-shedding fre-
quency measurement, the hot-wire probe was located 2D down-
stream of the center and 1D away from the axis of the cylinder.

The spanwise � ow structures around the cylinder were visualized
by using a smoke tunnel at a � ow speed of about 6 m/s, which renders
Re D 2:458 £ 104. A similar oscillation mechanism was also built
so as to reproduce the harmonic motion imposed on the circular
cylinder in the smoke tunnel. The visualized wake structures at
different instantaneous rotation angles were recorded with a 60-Hz
video camera together with a 35-mm still camera using Kodak ASA
1600 color � lm and ashutter speed of 1

500 s. Theoscillation frequency
was � xed at 2.8 Hz .S f D 0:0217/.

MHFS Arrays
The MHFS arrays used in the present experiment consist of a

number of thin nickel � lms (0.2 ¹m), which are electron-beam
evaporated onto a thin polyimide substrate (50 ¹m)in a straight-line
array. Each sensor consists of a nickel � lm 2 mm long and 100 ¹m
wide with 8-¹m, copper-coated nickel leads routed to provide wire
attachment away from the measurement location. The nominal re-
sistance of the sensor is 7.0 Ä. The entire sensor array consists of
78 sensors spaced at S D 2:5 mm apart (which renders an angular
spacing of 4.615 deg) with sensor S22 located at the front stagnation
point (FSP) of the cylinder (µ D 0 deg). The sensor number indi-
cates the location of the hot-� lm sensors along the surface of the
cylinder and is proportional to the distance covered along the upper
(S22 –S61 covering µ D 0–180 deg)and lower (sensors S61–S21 cover-
ing µ D ¡180 to ¡4:615 deg) surfaces of the cylinder from the FSP.
The sensor array was bonded onto the entire cylinder surface us-
ing double-sided Mylar® adhesive tape, which prevented the sensor
array from introducing surface irregularities to the model surface.
Figure 1 shows the schematics of the MHFS pattern and the layout
of the copper leads on the cylinder model.

Groups of 18 of the 78 sensors were systematically connected to
18 CTAs (AA Laboratory Model AN-1003) to obtain the time his-
tory and spectral information at each sensor position. The sensors
were connected to the CTAs using a combination of magnet wire

and a BNC coaxial cable to minimize the disturbance to the � ow
in the tunnel test section. The overheat ratio was set at 1.10, which
ensured that only a small amount of heat was introduced and the
heated thin � lms caused little disturbance to the shear layer or to
each other. This was checked by heating the � lms individually and
in groups while monitoring the effects on other � lms. CTA output
signals were low-pass � ltered (with a cutoff of 500 Hz) and ampli-
� ed by a gain between 10 and 50. The sensors were uncalibrated,
and the overheat and offset voltages for each sensor were carefully
adjusted such that each sensor was at nearly the same operating
conditions. The � uctuating voltage output of the CTA represents a
function of the dynamic shear stress present at each hot-� lm sen-
sor location. Separation is indicated by a low level of average heat
transfer. Furthermore, the in� uence of nonnegligible heat transfer
through polyimide substrate to the model and the � uid, which had
been found to be signi� cant in quantitative measurements in air
� ow,30 ;31 was not believed to be a problem in the present method.
For each set of data, 18 CTA channels from the MHFS and one CTA
channel from the hot-wire probe were simultaneously sampled and
digitized at 2 kHz per channel by the data acquisition system de-
scribed in the “Flow and Test Facilities” section. The output signal
from the potentiometer was also sampled and serves as the refer-
ence signal between each set of CTA outputs. The ampli� ed signals
were also connected to a four-channel oscilloscope (LeCroy Model
9304) to provide on-line time history traces of the operating group
of sensors. No calibration of the MHFS was performed as the objec-
tive of this experiment was to document the qualitative behavior of
the boundary-layer shear stress characteristics. Therefore, the heat
transfer or the voltage output level of the heated hot-� lm sensor
gives a direct recognition of the state of the boundary layer over
it. The laminar and transitional � ows are indicated by a low heat
transfer and a rapid rise in heat transfer, respectively.

Results and Discussion
Stationary Cylinder

To facilitate the understanding of the unsteady effects on the
boundary layer developed on a rotationally oscillating cylinder, the
locations of the stagnation and separation points and the state of
the boundary layer developed on a stationary circular cylinder were
examined � rst. Figures 3a and 3b show the typical composite plot
of the simultaneously acquired MHFS outputs from a stationary cir-
cular cylinder with Re D 5:6945 £ 104. The numbers shown on the
right (left) ordinate axes in Fig. 3 correspond to sensor numbers (an-
gular positions )on the cylinder model. The y axis also represents the
voltage output level of each sensor. The outputs were self-scaled to
a peak-to-peak value of one; this allows the regions of change to be
easily identi� ed and provides a clear qualitative picture. The lower-
most curve represents the time traces obtained with a hot-wire probe
positioned in the wake of the cylinder.

Figure 3a shows the selected time histories of MHFS outputs
(S14 –S61 covering µ D ¡36:92 to C180 deg), which illustrate the di-
rect recognition of the locations of the FSP and the boundary-layer
separation point, as well as the state of the boundary layer developed
on the stationary cylinder. Figure 3a indicates that, even in a visual
comparison of the raw signals, there is a 180-deg phase shift (due to
the presence of � ow bifurcation at the stagnation point observed by
Stack et al.32 ) between S21 and S23 .µ D ¡4:615 and C4:615 deg),
which allows the identi� cation of the FSP at S22 .µstg D 0 deg). Also,
because at the point of separation the dividing streamline emanates
from the body, a separation point at around S39 , i.e., a mean sepa-
ration angle µsep of about 78.5 deg, could also be recognized based
on the presence of the 180-deg out-of-phase phenomenon between
the outputs of S38 and S39 (µ D 73:84 and 78.455 deg). The 180-deg
phase-shift phenomenon also indicates the presence of the � rst har-
monics at S21 and S39 and can be interpreted as follows: The shear
layer between the separation region and the freestream � ow is un-
stable to Helmholtz instabilities. These instabilities grow noticeably
and result in transverse oscillations of the separating streamline. If
these oscillations are small enough, then the � ow� eld in the vicin-
ity of the separation point can be decomposed into the mean � ow
and the small variations, due to the moving separating streamlines.
The mean shear stresses upstream and downstream of the separa-
tion point are directed in the upstream and downstream directions,
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a) Time traces

b) Spectral contents

Fig. 3 Composite plots of selected MHFS outputs and a hot-wire probe for a stationary cylinder with Re = 5:6945 £ 104 .
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a)

b)

Fig. 4 Phase angles and coherence across selected MHFS outputs
shown in Fig. 3a: a) phase angles: ——, in phase (across S23 and S33 );
¢ ¢ ¢ ¢ ; +180 deg out of phase (across S21 and S23); and - - - -, ¡ 180 deg
out of phase (across S38 and S39); and b) coherence: ¢ ¢ ¢ ¢ , across S21
and S23; - - - -, across S38 and S39; and ——, across S39 and the hot wire.

respectively, which leads to the observed 180-deg out-of-phase phe-
nomenon in the hot-� lm output signals. The existence of the 180-deg
phase shift can also be con� rmed from the phase angles and the co-
herence obtained by cross correlating the simultaneously recorded
MHFS outputs across the points of interest (Fig. 4).

Figure 3b shows the corresponding spectral contents of the se-
lected MHFSoutput signals shown in Fig. 3a. The frequency in hertz
is plotted on the x axis, and the power spectral plots have arbitrary
y-axis scales. A linear scale was used to concentrate on the low-
frequency end of the spectra. The results reveal that the dominant
characteristic oscillation frequency fMHFS (measured by MHFS) of
46 Hz of the boundary layer � ow is identical to the frequency of the
vortex shedding fS (measured by a hot wire positioned in the cylin-
der wake). Also, the presence of the � rst harmonics (92 Hz) in the
power spectrum of signals from sensors S22 and S39 suggests that the
stagnation and separation points were � uctuating across sensors S22

and S39 , respectively. Thepresence of a strong double peak whenever
the stagnation or separation point passed over a sensor or gauge twice
during a cycle was also observed by Dwyer and McCroskey.33 A
mean Strouhal number Sr . D fS D=U0 D fMHFS D=U0/ of 0.208 was
found for Re D 2:6 £ 104–6.8 £ 104 for a single stationary circu-
lar cylinder (Table 1), compared with the empirical value of 0.21
obtained by Roshko.34

Figures 4a and 4b show the phase relations and coherence ob-
tained by cross correlating the simultaneously obtained MHFS sig-
nals across points of interest. For comparison, the phase relations
between pairs of signals from hot-� lm sensors located on either side
of the stagnation point are shown in Fig. 4a (solid line), which clearly
indicates that there is zero phase difference between them (S21 –S33).
The stagnation point was recognized by the presence of a C180-deg
phase difference between sensors S21 and S23 (dotted line). The sep-
aration point was identi� ed by the presence of a ¡180-deg phase
difference between sensors S38 and S39 (dashed line). Figure 4b re-
veals that the coherence between S21 and S23 (dotted line) and S38

and S39 (dashed line) was also a maximum at the dominant oscil-

Table 1 Stationary circular cylinder measure with a hot-wire probe
and MHFS at different Reynolds numbers, fS; fMHFS , and Sr

Re, £104 fS fMHFS Sr

2.687 21.3 21.3 0.206
3.108 24.7 24.7 0.207
3.605 28.6 28.6 0.206
3.9 30.9 30.9 0.206
4.35 34.8 34.8 0.208
4.865 38.5 38.5 0.206
5.6945 46 46 0.2107
6.2450 49.7 49.7 0.207
6.7980 54 54 0.2068

lation frequency (46 Hz) of the boundary layer. Furthermore, the
hot-wire signals in the wake region have good coherence with the
outputs of S39 (solid line). Figure 4 not only con� rms the presence
of laminar separation between sensors S38 and S39 but also sug-
gests that the laminar separation was unsteady, with a characteristic
frequency of 46 Hz.

Figures 3 and 4 indicate the following: 1) The time traces of the
MHFS (S21 –S14 and S23–S38 ) are in phase on each side of the stag-
nation point (S22). 2) Compared to signals from S21 –S38 , signals
from S40 exhibit an increase in amplitude and a loss in periodic-
ity (due to the small, random back� ow immediately downstream of
laminar separation ). 3) The frequency of the vortex shedding can be
extracted directly from MHFS output signals (because the cylinder
boundary layer reacts in response to vortex shedding, which is the
result of a global absolute instability of the near wake region). 4)
There is an appearance of the � rst harmonics (92 Hz) at S22 and
S39. 5) The MHFS measurements also indicate a direct coupling be-
tween the dominant frequencies of � ow oscillations at the leading-
edge stagnation region, laminar-separation unsteadiness, and vortex
shedding. In summary, the structurally nonintrusive MHFS mea-
surements of the stagnation and separation points and the behavior
of the boundary layer are useful in the characterization of the bound-
ary layer developed on a cylinder (especially in a group of circular
cylinders ), as well as in the study of unsteady separated � ows. The
extraction of the characteristics of the boundary layer (through a
qualitative way) also relieves the great dif� culty encountered in the
calibrating of multiple surface-mounted hot-� lm sensors. These dif-
� culties are attributed to the need to 1) calibrate all hot-� lm sensors
in a reference unsteady � ow before installation, 2) provide a refer-
ence � ow at each sensor, or 3) calibrate the sensors by comparison
to a traceable and portable reference probe.35 Furthermore, note
that interpretation of hot-� lm signals is more straightforward for
periodic unsteady � ows because the changes from one � ow state to
another can be more readily identi� ed (as shown in Fig. 5) than the
characteristics of a steady-state � ow.

Rotating Cylinder
Figures 5a and 5b show the time histories of MHFS outputs on

a rotationally oscillating cylinder with fo D 1:4 Hz .S f D 0:0064/,
1µ D §39:25 deg, and Re D 5:6945 £ 104. The lowermost curve
represents the variation in the potentiometer voltage, which indi-
cates the angular location of a reference sensor on the model at
a given instant. The angular velocity of cylinder rotation follows
a sine wave, where the positive angular velocity corresponds to a
counterclockwise rotation of the cylinder set in a � ow geometry as
shown in Fig. 2. The time trace right above the potentiometer output
was obtained with a hot-wire probe positioned in the wake of the
cylinder. The y axis represents the voltage output level of each sen-
sor. The repeatability from cycle to cycle was found to be extremely
good, and for clarity only two cycles needed to be shown.

Figure 5a shows that, because the convective heat transfer at the
stagnation point is a minimum, the movement of the FSPwith ¿ D !t
(indicated by the locus of FSP) is clearly indicated by the travel of
the minimum voltages from outputs of S22 –S39 during one cycle of
oscillation. Sensor S22 at time instant T1 traversed the instantaneous
FSP � rst, followed by sensors S23 –S39 (at T2–T18 ) during down-
stream (counterclockwise )motion, then reversed direction, followed
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a) S20–S62

Fig. 5 Composite plots of selected MHFS outputs and a hot-wire probe for a rotationally oscillating cylinder with fo = 1:4 Hz, D µ = § 39:25 deg, and
Re = 5:6945 £ 104 .

by sensors S39–S22 (at T18–T35)during upstream (clockwise)motion.
The spatiotemporal progression of the FSPwith time for fo D 1:4 Hz
and 1µ D §27:7 and §39:25 deg is summarized in Fig. 6 (indicated
by cross and diamond symbols, respectively ). The nonintrusive and
simultaneous identi� cation of the movement of the instantaneous
location of the FSP on the surface of the cylinder is important in
the determination of the corresponding magnitudes of the upper and
lower separation on the surface of the sinusoidally oscillated circular
cylinder.

Figure 5a also shows that the boundary-layer � ow separation is
indicated by the second minimum in the MHFS voltage outputs,
with laminar signals on one side and turbulent signals on the other.
The � ow separation is also associated with rapid transition to tur-
bulence immediately downstream of the separation points (espe-
cially at sensor S56 ). The spatiotemporal progression of the upper
separation point µS1 is indicated by the lines of entry into sepa-
ration (S38–S56 ) and recovery from separation (S56 –S38) at time
instants U1–U36. Similarly, the spatiotemporal progression of the
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b) S22 –S61

Fig. 5 (Continued)

lower separation point µS2 could also be recognized and indicated
by the lines of entry into separation (S22 –S5 ) and recovery from sep-
aration (S5–S22 ) at time instants D1– D35 (Fig. 5b). Figures 5a and
5b indicate that, during clockwise or downstream motion, the entry
separation µS1 of sensors S38–S56 was accompanied by the recovery
from separation µS2 of sensors S22 –S5 and vice versa. The variation
of µS1 and µS2 with fo D 1:4 Hz and 1µ D §27:7 and §39:25 deg
for Re D 5:6945 £ 104 is summarized in Fig. 6.

Figure 6 shows that, for small values of oscillation frequency
(S f · 0:0217), 1) a symmetry is always present for upper and lower
separation points during clockwise and anticlockwise rotation of the
cylinder, 2) the instantaneous values of µS1 and µS2 can be obtained
from the numbers of sensors located between the locus of FSP and

lines of entry into separation, and 3) µS1 and µS2 are identical to µsep,
which indicates that the small moving-wall and accelerated � ow ef-
fects have no noticeable in� uence on the behavior of the unsteady
boundary layer. Experimental apparatus capable of oscillating the
cylinder at frequencies comparable to the frequency of the vortex
shedding is greatly needed to document the effects of the oscil-
lation motion of the cylinder on the delay and promotion of the
separation points and the temporal development of the unsteady
boundary layer, as well as the possible suppression of the vortex
wake (which is of great interest in view of the investigations of
� ow past rotating circular cylinders ). The symmetry in the instan-
taneous locations of the FSP and the upper and lower separation
points for small values of S f .·0:0217/ observed in Figs. 5 and 6
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Fig. 6 Variation of the front stagnation point and the upper and lower
separation points with D µ for fo = 1:4 Hz and Re = 5:6945 £ 104; stag-
nation point: £ ; D µ = 55:4 deg, and ¦; D µ = § 39:25 deg; entry into
µS1: ®, D µ = § 27:7 deg, and , D µ = § 39:25 deg; recovery from
µS1: ; D µ = § 27:7 deg, and ; D µ = § 39:25 deg; entry into µS2:

; D µ = § 27:7 deg, and , D µ = § 39:25 deg; recovery from µS2: ,
D µ = § 27:7 deg, and ² , D µ = § 39:25 deg.

Fig. 7 Cylinder wake mean velocity pro� les: , stationary cylinder;
, oscillating cylinder, fo = 1:4 Hz (Sf = 0:0064) and D µ = § 39:25 deg;
; fo = 2:8 Hz (Sf = 0:0217) and D µ = § 27:7 deg. The hot-wire probe

was located four diameters downstream of the cylinder axis.

was further con� rmed by the hot-wire wake pro� le measurements
(Fig. 7), as well as by the smoke-tunnel, � ow-pattern visualization
results (not shown here). Both the measured wake widths (Fig. 7)
and the visualized wake patterns (Fig. 8) reveal that the wake width
behind an oscillating circular cylinder remained the same compared
to that of a stationary cylinder (open circles), which again indicates
that the small oscillation frequency has no observable in� uence
on the characteristics of the cylinder wake as well as the magni-
tudes of µstg; µS1; and µS2. As shown by smoke-tunnel � ow visual-
ization for Re D 2:4580 £ 104 (Fig. 8), the vortex wake generated
behind a circular cylinder oscillated rotationally at fo D 2:8 Hz and
1µ D §39:25 deg (Fig. 8b), which is qualitatively similar to those
observed in a stationary cylinder wake (Fig. 8a). Figure 8 together
with Figs. 6 and 7 further demonstrates that higher values of S f

and 1µ , especially S f , are needed to have noticeable effects on the
overall narrowing or widening of the wake, as well as the formation
of distinct vortical structures in the wake.

a)

b)
Fig. 8 Smoke-tunnel � ow visualization for Re = 2:4580 £ 104 , with
the cylinder at its maximum clockwise position: a) stationary cylin-
der and b) rotationally oscillating cylinder with fo = 2:8 Hz and D µ =
§ 39:25 deg.

Conclusions
The spatiotemporal progression of the front stagnation and sep-

aration points and the state of the boundary layers developed on
a stationary and a rotationally oscillating circular cylinder were
measured successfully using an MHFS array. The results show
that there is a direct coupling between the dominant frequencies
of � ow oscillations at the leading-edge stagnation region, laminar-
separation unsteadiness, and vortex shedding and that the frequency
of the vortex shedding can be extracted directly using the MHFS
array. It was also observed that, for small oscillation frequencies
(S f · 0:0217), a symmetry is always present for upper and lower
separation points during clockwise and anticlockwise rotation of
the cylinder and that the frequency of the vortex shedding and the
wake width remain the same compared to those of a stationary circu-
lar cylinder. The MHFS characterization of the unsteady boundary
layer will provide an increased understanding of unsteady � ow phe-
nomena, which are prerequisites for the control and management of
unsteady separation over bluff bodies.
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