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Experimental investigation of flow past a rotationally oscillating
tapered cylinder
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The flow downstream of a linearly tapered cylinder executing rotational oscillations is
experimentally studied at Reynolds number (based on mean diameter) of 250. The tapered
cylinder is forced to rotationally oscillate at various oscillation amplitudes and normalized
forcing frequencies. The hydrogen bubble technique is used for visualizing the spanwise
wake structure, and the laser-induced fluorescence technique is used for visualizing the
streamwise wake structure. The cylinder used in the current study has a taper ratio of 70:1
with a mean diameter of 8 mm. Oblique shedding with an oblique angle of 16◦ is seen for
a stationary cylinder which gradually reduces and eventually changes to parallel shedding
with an increase of forcing frequency up to a certain forcing frequency which is also depen-
dent on the oscillation amplitude. Flow visualization revealed the forcing frequencies and
amplitudes for which the flow becomes two-dimensional. Spanwise cellular structures are
observed for some specific forcing parameters. For an oscillation amplitude of 3π/4 and
normalized forcing frequency of 2, a three-dimensional mode is formed at the upper half of
the cylinder with a spanwise wavelength of 1.6. Frequency content of the wake measured
by hot-film anemometry showed that the flow is governed by multiple frequencies when
cellular structures in the wake are observed. It is seen from hot-film measurements that
the range of forcing frequencies for which the wake undergoes lock-on increases with
increasing oscillation amplitude. A direct drag measurement technique showed that the
drag for a stationary tapered cylinder is ∼10%–20% less than that of a stationary straight
cylinder. Particle image velocimetry (PIV) data revealed that the circulation of spanwise
vortices loses its strength as we move from the larger diameter end to the smaller diameter
end. The drag coefficient for forcing cases is estimated using the momentum deficit formula
by finding the mean and fluctuating velocities obtained from PIV. When the forcing
frequency enters the lock-on initiation zone, the coefficient of drag becomes maximum, and
with further increase in forcing frequency the drag coefficient decreases. The maximum
value of the drag coefficient increases as the oscillation amplitude is increased from π/2
to 3π/4.

DOI: 10.1103/PhysRevFluids.8.054103

*soumarup@iitk.ac.in
†izhar@iitk.ac.in
‡pujas@iitk.ac.in
§Corresponding author: skmr@iitk.ac.in
‖kamal@iitk.ac.in

2469-990X/2023/8(5)/054103(28) 054103-1 ©2023 American Physical Society

https://orcid.org/0000-0002-4247-9289
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevFluids.8.054103&domain=pdf&date_stamp=2023-05-12
https://doi.org/10.1103/PhysRevFluids.8.054103


SOUMARUP BHATTACHARYYA et al.

I. INTRODUCTION

Tapered cylindrical structures are often observed in engineering applications including off-
shore energy structures, submarines, industrial chimney stacks, and marine risers. Roshko [1] first
classified the transition range of Reynolds number for the case of a stationary circular cylinder
to be 150 � Re � 300, after which several studies have been conducted in this regime. Despite
the geometric simplicity of a cylinder, this regime is rich in vortex dynamics phenomena and
three-dimensional instabilities which mark the onset of turbulence downstream of the bluff bodies
and a topic of theoretical interest. Gaster [2] initiated the study of vortex shedding behind a linearly
tapered stationary cylinder and in his first work discovered that (for cylinders having a taper ratio of
18:1 and 36:1) the fluctuating velocities in the wake are a combination of two frequencies. This
was unlike straight stationary cylinders where it is found to be singly periodic in time. Taper
ratio is defined as the ratio of cylinder length to the difference in the diameters at two ends. In
his second work, Gaster [3] observed that (for cylinders having a taper ratio 120:1) the flow is
composed of spanwise cells of constant shedding frequency. Spanwise visualization of the passively
controlled flow around a tapered cylinder was first reported by Taneda [4]. Hammache and Gharib
[5] conducted experiments on a straight circular cylinder to study the occurrence of oblique vortex
shedding in the laminar wake in the Reynolds number range of 40 � Re � 160. The reason for
oblique shedding was cited to be the nonsymmetric pressure distribution that induced the spanwise
flow, although this conclusion was in contrast with the previous findings which state that the
oblique shedding is because of the secondary instabilities of the flow and its onset is dependent on
Reynolds number. Through his experiments on laminar vortex shedding downstream of a straight
circular cylinder, Williamson [6] concluded that the phenomenon of oblique shedding is due to
the end/boundary effects, and hence, parallel shedding could be induced by altering the boundary
conditions (by slightly angling inwards the leading edge of the end plates).

Jespersen and Levit [7] performed numerical simulations of the unsteady three-dimensional
flow downstream of a tapered cylinder at a low Reynolds number, Remean ≈ 125, where the vortex
dislocation process in the spanwise plane was explained. Gaster’s observation of the cellular nature
of the flow was also found by Piccirillo and Van Atta [8] using the cylinders of various taper ratios
(13:1, 23:1, and 32:1). It was further seen that the difference in shedding frequencies between adja-
cent spanwise cells was constant. This frequency difference was similar to the lower (modulation)
frequency first observed by Gaster [3]. Later it was shown by Piccirillo and Van Atta [8] that this
modulation frequency is caused by the process of vortex splitting. During vortex splitting at the
boundary between the two cells, one vortex line would break into two. Many studies have been
conducted to date which validate the presence of this cellular behavior in the spanwise plane for
shear flow past uniform bluff bodies. Kumar et al. [9,10] experimentally showed the comparison of
vortex shedding patterns in the near wake of a straight and stationary cylinder. Valles and Andersson
[11] studied the vortex shedding in the wake behind linearly tapered circular cylinders at a Reynolds
number (based on the velocity of the incoming flow and the largest diameter) ranging from 130
to 180 for the two taper ratios 75:1 and 100:1. Numerical analysis showed that the taper-ratio
variation gave rise to discrete shedding cells, each with its characteristic frequency and inclination
with respect to the axis of the cylinder. Flow visualizations showed that vortex dislocation and
splitting occurred in the numerically simulated flow fields. The computer simulations matched
well the extensive laboratory experiments reported by Piccirillo and Van Atta [8] for a range of
comparable conditions.

Parnaudeau et al. [12] analyzed the spanwise wake structure behind a tapered cylinder with
the help of three-dimensional direct numerical simulation. Narasimhamurthy et al. [13] observed
that the tapering instigated the flow to be quasi-two-dimensional and gave rise to a pressure-driven
secondary spanwise flow. The steady wake showed a substantial variation of pressure along the span.
This spanwise variation of the steady wake is associated partly with the local diameter affecting
the local Re. One of the primary motivations for this study was the relatively new experimental
observations of Visscher et al. [14] with three-component stereo particle image velocimetry (PIV)
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which analyzed three-dimensional time-dependent flow behind a cylinder with a taper ratio of 75:1.
This approach revealed long time series of the individual velocity components and complete planar
views of the instantaneous three-dimensional flow field. The details of single dislocation event and
their reoccurrence periodically in longer time spans were obtained by time-resolved recordings.
Vortex splitting and dislocation were also observed numerically by Bargi et al. [15] while studying
vortex-induced vibration downstream of a tapered cylinder. Recent studies of three-dimensional
wake downstream of a tapered cylinder with a large taper ratio made by De and Sarkar [16] showed
the topology of the shedding signature.

Numerous studies in the last few decades were made where the wake of the cylinder was actively
controlled by using certain forcing parameters. These include rotation of the cylinder about its
axis, oscillation of the cylinder in the transverse and lateral direction, and imparting rotational
oscillation to the cylinder about its axis to alter the flow dynamics. Williamson and Roshko [17]
revealed the vortex formation in the wake of a cylinder oscillating laterally. Techet et al. [18]
performed flow visualization experiments for flow behind a transversely oscillating tapered cylinder
with a taper ratio of 4:1 at Reynolds numbers from 400 to 1500. It was discovered that within
the lock-on region and above a threshold amplitude, a single frequency of response dominates the
entire span and cellular formations cease to occur. In contrast to vortex dislocations, the vortex split
remains stable and periodic in the wake region depending on the oscillation amplitude, frequency
of oscillation, and local Re. Radi et al. [19] experimentally found new three-dimensional modes
downstream of a rotating straight circular cylinder in addition to the three-dimensional modes
found by Rao et al. [20,21] numerically. This experimental study also served as a motivation to
find out the three-dimensional modes in the wake of a rotationally oscillating tapered cylinder.
A recent wake study by Chikkam and Kumar [22] revealed the influence of the rotation rate α

and hydrophobicity on the structure of the wake of a hydrophobic rotating cylinder at Re ≈ 200.
There are numerous two-dimensional studies (in the x-z plane) on the wake of a rotationally
oscillating circular cylinder for various forcing frequencies and amplitudes ([23–25]). Kumar et al.
[25] showed the flow visualization data for various forcing parameters at a Reynolds number of 185
and found that for some forcing parameters the flow turns three-dimensional. Lock-on parameter
space (combination of forcing amplitude and forcing frequencies) where the cylinder oscillation
frequency matches the shedding frequency in the wake was revealed. Recently, experiments on a
rotationally oscillating cylinder with an attached flexible filament were performed by Sunil et al.
[26]. Similar diagnostics for characterising the velocity and vorticity field using planar PIV are
conducted in this investigation.

In the past, there has been much interest in accurate drag estimation. In the present work drag
estimation has been done using the wake defect technique [see Eq. (1) below]. This technique
has been used for predicting the sectional drag coefficient behind bluff bodies (originally used
by Antonia and Rajagopalan [27]) and has also been referenced in various recent studies, e.g.,
Konstantinidis and Balabani [28] for a cylinder, Zhou et al. [29] for an airfoil, Sharma and
Deshpande [30] for a flat plate, Feng and Wang [31] for a circular cylinder with synthetic jets,
He et al. [32] for square cylinders, and Brennan et al. [33] for cylinders with hydrophobic sand:

Cd = 2
∫ ∞

−∞

U

U∞

(
1 − U

U∞

)
dη + 2

∫ ∞

−∞

v´2 − u´2

U 2∞
dη . (1)

In this equation, the first term is the momentum deficit of the time-averaged flow field, and the
second term is the contribution of the streamwise u′ and cross-stream v′ turbulent fluctuations. The
coefficient of drag (global) would depend on the sectional drag coefficient according to the equation

CD = 1

2L

∫ −L

−L
Cd dy , (2)

where L is the half-length of the cylinder.
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FIG. 1. Schematic of the problem.

Thiria et al. [24] undertook the first direct drag measurement experiment on a cylinder performing
rotary oscillations in order to investigate the impact of forcing oscillations on the global drag at a
Reynolds number of 150. It was seen that the drag coefficient strongly depends on the forcing
parameters, which explains why the drag force may be decreased by reducing the strength of the
shedding vortices.

Three-dimensional modes in the wake of a rotationally oscillating tapered cylinder have not
been studied to the best knowledge of the authors. In this study, the two-dimensional and three-
dimensional spanwise flow behind a rotationally oscillating tapered cylinder is studied. The relevant
questions that would be answered through this study are (1) How does the taper affect the flow
behind the rotationally oscillating cylinder? (2) How do the forcing parameters change the wake
behind a tapered cylinder? (3) How do the forcing parameters change the drag behind a rotationally
oscillating tapered cylinder? (4) What are the possible reasons for the changes in drag? (5) What
are the forcing frequencies and amplitudes where we find distinct three-dimensional modes in a
tapered cylinder? Inquiry into these questions will provide good insights into the vortex structures
downstream of the tapered cylinder. More importantly, it will provide insight into the evolution
of three-dimensional modes in wake of a tapered cylinder in the spanwise plane. Remean (Reynolds
number based on mean diameter) was fixed at 250 where the three-dimensionalities are profound for
a stationary straight cylinder (both modes, large-scale disturbances mode A and small-scale distur-
bances mode B, coexist). This will help address some of the questions about the wake downstream
of a tapered cylinder and the trends in the evolution of modes under forcing. Furthermore, this study
would provide an understanding of forcing parameters that would assist or restrict the formation
of three-dimensional modes which eventually would lead to the onset of turbulence. The present
experimental study consists of flow visualization using the hydrogen bubble flow visualization
technique and laser-induced fluorescence, as well as quantitative study through PIV, direct drag
measurement, and hot film anemometry.

The frequencies in the present study are nondimensionalized using f0, the vortex-shedding
frequency of the stationary straight cylinder whose diameter matched the mean diameter of the
tapered cylinder (8 mm). The ratio f / f0 is called the frequency ratio and is denoted by FR. The
schematic of the problem is shown in Fig. 1. The cylinder was forced to oscillate sinusoidally as

θ = θ0 sin(2π f t ), (3)

where θ is the angular position of the cylinder, θ0 is the oscillation amplitude, f is the forcing
frequency, and t is time.

II. EXPERIMENTAL SETUP AND DIAGNOSTICS

The experiments for the present study were performed in a water tunnel with a test section of
length 0.46 m, width 0.18 m, and depth 0.25 m in the Fluid Dynamics Laboratory of the Department
of Aerospace Engineering, IIT Kanpur. Water is recirculated in the tunnel using a 1.5 hp variable
speed centrifugal pump. The tunnel water temperature is maintained at 25 ◦C ± 1 ◦C. Details of the
experimental techniques and diagnostics are provided in the next subsection.
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FIG. 2. Flow visualization setup (a) Schematic of the experimental setup for hydrogen bubble flow visual-
ization in the x-y plane. (b) Schematic of the experimental setup for laser-induced fluorescence visualization in
the x-z plane. A similar setup is used for PIV experiments in the x-z plane where the dye probe is absent.

A. Experimental setup

The experiments for the present study are performed in a water tunnel, and the water velocity
needed to achieve Remean = 250 based on mean diameter Dm = 8 mm is u ≈ 0.03 msec−1. The
maximum speed of the flow can be 0.13 m sec−1 and the turbulence intensity is less than 0.5% root
mean square (r.m.s.) at the present experimental conditions. A linearly tapered 280 mm long (wetted
length) cylinder made of stainless steel was used for the present study. The maximum diameter of
the cylinder was 10 mm, and the minimum diameter was 6 mm, which results in mean diameter
of 8 mm. The cylinder is oriented spanwise in the tunnel test section such that the wider end is
upwards and the narrow end is downwards. The narrow end is fixed with a bearing in the lower
black anodized aluminum plate, and the upper end is penetrated through a hole which is carved in
the upper perspex plate. This hole is fitted with a bearing in it which allows the rotatory motion of
the cylinder. The extended upper end (which is extending above the top perspex plate) is attached
to the servo motor with a timing pulley mechanism using a belt to ensure minimum wobbling. The
cylinder extends throughout the entire depth of the test section. The level of the water in the test
section is such that it touches the base of the top perspex plate. A servo motor is used to provide
sinusoidal rotational oscillation to the cylinder. This motor is connected to a servo motor drive which
is controlled using a software. The oscillation amplitude is varied using this software. The setup is
also connected to a signal generator. The signal generator provided an analog sinusoidal signal of
known frequency facilitating the control of cylinder’s oscillation frequency.

1. Flow visualization setup

Flow visualization experiments for observing the spanwise (x-y plane) wake structure were
performed using the hydrogen bubble technique. The visualization setup for this method is shown
schematically in Fig. 2(a). The hydrogen bubble sheet is produced using a 50 µm diameter plat-
inum wire, acting as the cathode, stretched across the spanwise section of the cylinder. A brass
airfoil-shaped plate (to avoid vortex shedding), acting as an anode, was placed at a downstream
distance of 400 mm. The vertical platinum wire was moved in the y-z plane using an XY-traverse to
locate the optimum position for three-dimensional spanwise vortex structures to be visible. It was
observed while performing the experiments that the best visualization results were achieved when
the platinum wire was placed at an optimum distance from the x-y symmetry plane as also reported
by Radi et al. [19]. The optimum distance varied with free-stream velocity and forcing conditions,
such that it had to be adjusted for each run. Care was taken so that the wire was not placed too close
to the cylinder (� 0.5D) as it can modify the modes and force new modes. A potential difference
of 8.5 to 12.5 V was effective for obtaining good quality hydrogen bubbles. A small amount
(∼35 g) of sodium sulfate was added to the water in the tunnel to promote electrolysis and improve
the quality of bubbles. The hydrogen bubbles formed on the platinum wire are swept downstream
by the flow to form a bubble sheet. A continuous diode-pumped solid-state 532 nm laser (300 mW)
is used from the tunnel end to illuminate the bubbles for hydrogen bubble flow visualization, as
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shown schematically in Fig. 2(a). The laser beam was transformed into a sheet using cylindrical
lens optics housed in a collimator. The bubbles form bright streaks when they cross the laser sheet.
The laser beam collimator was used to adjust the sheet thickness and its alignment. The spanwise
flow structures made visible by the illuminated bubble sheet were captured with a Nikon D810
digital video recorder viewing perpendicular to the illumination and flow direction. The camera
has a 37 megapixel CCD image sensor and the ability to shoot at 60 fps. The framing rate of the
DSLR camera provided an adequate resolution to distinguish the flow structures at a relatively low
Re of 250. A Nikon lens with 1:2.8G vibration reduction (VR) and 60 mm macro focal length
was mounted onto the camera for acquiring the spanwise wake behind the cylinder. The data were
acquired in different phases, but the ones that are presented in this study are of the same phase
corresponding to the maximum angular displacement from the center in the clockwise direction
when viewed from the top.

A schematic of the experimental setup to obtain data in the streamwise plane (x-z plane) is
shown in Fig. 2(b). Data in the x-z plane were acquired to link the flow fields in the wake cross
section to observations in the x-y plane from a side perspective. For these measurements, laser-
induced fluorescence flow visualization is used. In these cases, a dye probe releasing Rhodamine
dye was used and the resulting structures were illuminated by the laser sheet.

2. Hot-film measurement setup

The frequency content of the wake is measured by hot-film anemometry using a single-sensor
fiber-film probe from Dantec with a heavy quartz coating for use in water. A Dantec miniCTA
54T42 system equipped with two-channel BNC connectors is used for obtaining spectral data. The
probe was mounted on a straight holder and inserted from the downstream end of the tunnel with
the help of an XY-traverse. This traverse is mounted on a traverse holder (a mounting mechanism).
The data were acquired with a sampling rate of 100 K samples/sec/channel by a NI-9125 card
at 16 bit resolution for 30 sec. The shedding frequency of the stationary straight cylinder (same
diameter as the mean diameter of the tapered cylinder) f0 was seen to be ≈0.73 Hz for Re = 250,
and this value was used for defining the normalized frequency ratio, FR. The lock-on (where the
frequency of the wake matches the cylinder oscillation frequency) dependence on forcing frequency
and amplitude was found from the spectrum of streamwise velocity fluctuations at a downstream
distance of x/Dm = 2 from the cylinder through hot-film anemometry. The fiber-film probe was
kept ∼0.9D away from the cylinder center line along the z axis and in the middle of the vertical
extent of the cylinder where the cylinder diameter was Dm = 8 mm.

3. Particle image velocimetry setup

PIV data were taken in the water tunnel in the same experimental conditions (but as different
realizations) as the flow visualization experiments. The schematic of the PIV setup in the x-z plane
is shown in Fig. 2(b) (only the dye probe used in the flow visualization experiments was absent
for the PIV studies). A TSI PIV system using the INSIGHT 4G platform was used to control
the CCD camera and firing of the pulsed laser to capture the images. The flow was seeded with
10 µm diameter hollow glass spheres and illuminated in a horizontal plane just downstream of the
cylinder with a laser sheet. The laser sheet was formed using the cylindrical lens optics in front of
the double-pulsed laser (532 nm to 300 mJ/pulse). The laser sheet was focused down to a thickness
of less than 0.9 mm. The digital images of the glass spheres (particles) in the plane of the laser sheet
were captured using an 8 MP CCD camera for PIV analysis. The size of the captured images was
2334 × 1751 pixels. The physical area covered by the images was 170 mm × 130 mm, correspond-
ing to a magnification of about 0.052 mm/pixel. The camera acquisition rate for time-averaged
PIV was ∼3.6 Hz. The overall uncertainty in velocity was estimated to be approximately 0.95%
of the maximum streamwise velocity, which resulted in a maximum uncertainty of approximately
1.08% and 1.17% in the spanwise vorticity and circulation measured in the study. A multipass FFT
window deformation algorithm with a Gauss 2 × 3-point subpixel estimator was used to perform
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FIG. 3. Experimental setup for direct drag measurement of a tapered cylinder.

the PIV cross-correlation. The laser pulse and camera were synchronized using the synchronizer.
The image processing was done using 32 × 32 rectangular interrogation areas with 50% overlap
in the vertical and horizontal directions. This resulted in spatial resolution of 1.664 mm (32 pixels
× 0.052 mm/pixel) or 0.208D in the vorticity fields. Frame independence test for phase-locked
time-averaged PIV of 100 frames, 200 frames, and 400 frames showed similar results.

4. Direct drag measurement setup

The current setup uses four air bushings (air bearings) to provide a friction-free environment to
measure the drag exerted on the cylinder. The real-time image of the setup is shown in Fig. 3. The air
bearings are allowed to move effortlessly when the cylinder is exerted by even a light touch force. By
a four-way junction system attached to the tube hanging above the setup, compressed air from the
compressor is transmitted to the air bushings through a 19 mm diameter hose. For the best friction-
free movement of the air bushings, the pressure was maintained at 6 bar. The air was transferred
from the connecting point to the air bushing intakes using four pipes, each measuring 5 mm in
diameter. The compressor is an oil-free air compressor with a 35-liter tank and a 2.12-horsepower
motor. The dust particles captured by the air compressor were filtered using a polycarbonate air filter
regulator combination. Since the moisture was periodically drained, it also worked as a moisture
regulator. The regulator’s primary function was to supply compressed air for the entire duration of
the experiment at a steady pressure. This apparatus for direct drag measurement was inspired by
the work of Dewey et al. [34] in which the efficiency of flexible panels was measured by direct
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thrust and power measurements acquired utilizing air bushings to allow friction-free movement of
the apparatus.

A dumbbell-shaped load cell was used to measure forces and to act as a transducer by transform-
ing these forces into electrical signals. The signals were measured using a computer setup. Four
strain gauges were coupled in a balanced Wheatstone full bridge arrangement to form the load cell.
The magnitude of the drag force with the tapered cylinder and fluid characteristics is anticipated to
be relatively low because the current experiments are being conducted in a low Re range. To monitor
just the drag and reject extraneous vibrations as noise in the signal, it was necessary to amplify the
load caused by drag using the lever arm. A 60 cm × 5 cm lever arm was designed. It was easier
to enhance the force with which the setup impacts the load cell by changing the placement of the
lever’s hinge. The drag force exerted on the cylinder is amplified and transferred onto the load cell
and a corresponding voltage signal is generated as a result. This lever arm is an important part of this
apparatus, and this idea was taken from Buchholz et al. [35] where the lever arm was used to amplify
the forces while measuring the unsteady thrust and propulsive efficiency produced by biologically
inspired oscillating hydrodynamic propulsors. Extra care was taken to reduce or eliminate external
disturbances because of the sensitivity of the load cell. A few metallic L angles were clamped to
a table to prevent the vibrations from the tunnel from also reaching the load cell mount. The air
tubes were built to hang on the wall away from the tunnel table, and foam sheets were inserted at
the contact points of the tubes with the frame to further dampen the vibrations that the compressor
could send through the tubes.

B. Data processing

The flow uniformity was verified by using both the hot-film anemometry and PIV. The fiber-film
sensor was placed at x/D = 2 downstream of the cylinder for estimation of the shedding frequency
of the straight cylinder. The spanwise wavelength of modes from the digital images was acquired
by drawing out a straight line across the spanwise length and examining the pixel intensity profile
along it. FFT (fast Fourier transform) was performed over the pixel intensity profile to find the
spanwise wavelength. A windowed (50% overlap) FFT was performed to calculate the instantaneous
spanwise wavelength spectrum. The hamming function was applied to each window to decrease the
finite length effects. Hot-wire data were taken by traversing the fiber-film probe by 100 mm in steps
of 1 mm in the y direction with the help of the traverse for finding the wake-frequency response
in the spanwise (x-y) plane. The repeatability of the frequency responses provided insight into the
spanwise wavelength of the various modes.

C. Validation

The reliability of the experimental setup was examined by reproducing a few established flow
phenomena of rotating straight cylinders. Validation of the three-dimensional modes in the wake
of a rotating straight cylinder was checked. The present results were compared with the study of
Radi et al. [19] and the results are found to be similar. In Fig. 4 the flow visualization of mode F
is compared and presented. The spanwise structures of mode F originated from the surface of the
rotating cylinder, at Re = 275, α = 2.3 where α is the ratio of the surface velocity of the cylinder to
the free stream velocity. Bright streak lines are created when the hydrogen bubbles cross the laser
sheet. The average spanwise wavelength of mode F found from the spectral analysis is λ/D = 0.5.

The variation of coefficient of drag for a straight circular cylinder with the Reynolds number is
shown in Fig. 5 to validate the current experimental setup for direct drag measurement. To assess
the reliability of the setup, the current experimental data for a circular cylinder were compared
with those of Weiselberger [36], Zdrakovich [37], and Bosch and Guterres [38]. The values revealed
a trend that was consistent with the literature; however, the values were overestimated by 2% to 8%.
The torque augmentation caused by the weight of the lever arm relative to its hinge point may be
the reason for this overestimation of values.
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FIG. 4. Validation for spanwise flow visualization with the data of (a) Radi et al. [19] and (b) the present
experiment with a rotating straight cylinder. The flow is directed from bottom to top at Re = 275 and α=2.3.
The scaling is the same for both images. The sense of rotation is such that the cylinder surface seen by the
reader is moving toward the top of the frame.

III. RESULTS

Flow visualizations, hot-film measurements, and PIV data at Remean = 250, with subsequent
qualitative and quantitative analysis, constitute the experimental results and are presented here. In
this section, the behavior of the cylinder wake structure with variation of oscillation amplitude
and forcing frequency will be discussed. The effect of forcing frequency on the drag coefficient at
various oscillation amplitudes will also be presented.

A. Hydrogen bubble flow visualization of spanwise vortices

The spanwise wake structure behind a cylinder executing rotary oscillations at various oscillation
amplitudes and FR is shown in Fig. 6. The platinum wire is 1Dm upstream in all the images and is
marked by a red arrow in the image where the stationary cylinder wake is shown. In the present
experiments, oblique shedding ceases and parallel shedding begins near FR = 0.75 for all the
oscillation amplitudes observed in the present experiment. Williamson [6] reported the phenomenon
of oblique vortex shedding at a low Reynolds number (64 � Re � 180) for a stationary straight
cylinder wake. The change in oblique shedding modes was attributed to the Strouhal discontinuity.
This is because of a transition from a situation in which the central flow over the span matches the
end boundary conditions to a situation in which the central flow cannot match the end conditions.
Due to the presence of spanwise cells with different frequencies, quasiperiodic spectra of velocity
fluctuations are observed in the second case. It was also observed that the convection velocity

FIG. 5. Coefficient of drag vs Reynolds number for a straight circular cylinder.
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FIG. 6. Three-dimensional spanwise structures in wake of rotationally oscillating tapered cylinder (taper
ratio of 70:1) at various oscillation amplitudes and forcing frequencies at Re = 250. Flow is directed from left
to right, and the scaling is the same for all the images. The cylinder is marked by a blue arrow, and the platinum
wire is marked by a red arrow in the image where the stationary cylinder wake is shown.
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remains almost unchanged between oblique and parallel shedding, at a given Re. The convection
velocity would be low where the three-dimensionalities in the wake are observed because of
less downstream distance, and the subtraction of convective velocities may result in stationary
vortices [39]. Techet et al. [18], by PIV, showed that three-dimensional spanwise vortices are
identified in convective velocity subtracted flow. Vortex dislocations are observed at times when
vortices in adjacent spanwise positions move out of phase with one another. Ahmed [40] found
that vortex dislocation occurs when a strained vortex undergoes axial compression. The present
work demonstrates that this characteristic of the wake and spanwise structures is affected by the
cylinder’s rotational oscillation.

Figure 6 shows that at low forcing frequencies (FR = 0.2) and all forcing amplitudes vortex
splitting occurs similar to the case of a stationary tapered cylinder. The vortex splitting is denoted by
a blue circle in the figure where the wake of a stationary cylinder is shown. Spanwise disturbances
are visible at low forcing frequencies, similar to stationary cylinders. In the present study, three-
dimensional vortex splitting refers to an entire splitting process involving multiple small-scale
vortices that can be observed simultaneously. Eisenlohr and Eckelmann [41] demonstrated that
vortex splitting takes place because the shedding frequency from a bluff body is not necessarily
uniform across the wake’s entire span. Vortex splitting takes place when the oblique angle is too high
(observed over 20◦, more frequently above 30◦). Additionally, when the axes become excessively
curved, the subsequent axis forms by omitting a vortex that extends partially across the spanwise
region. To maintain circulation conservation, the extra vortex must either short circuit with the
vortex on the far side of the vortex street, as suggested by Gerrard [42], or divide its circulation
among its nearest neighbors, or a combination of the two. Nevertheless, vortex splitting can be
controlled by adjusting the forcing parameters. Figure 6 shows that at FR = 1, vortex splitting is
controlled and the flow eventually turns parallel for all oscillation amplitudes. The angle of oblique
shedding between vortex axes and cylinder axis varies between about 15◦ and 30◦ for a stationary
circular cylinder wake among a majority of researchers. In the present experiment with a tapered
cylinder, oblique shedding of 16◦ is marked in Fig. 6. The effect of forcing frequencies on the wake
of a rotationally oscillating tapered cylinder at various oscillation amplitudes is discussed in the
following subsections.

1. Effect of FR at θ0 = π/4

For an oscillation amplitude of θ0 = π/4, the oblique shedding angle decreases with an increase
in forcing frequency up to FR = 1 where the shedding becomes almost parallel. With a further in-
crease in forcing frequency, the oblique shedding resumes and the oblique shedding angle increases
with an increase in forcing frequency as seen in Fig. 6 (FR = 1.5). At FR = 3.5, we again observe
vortex splitting because of an excessive increase in oblique shedding angle similar to that for a
stationary cylinder.

2. Effect of FR at θ0 = π/2

For oscillation amplitude of θ0 = π/2, as observed in Fig. 6, initial oblique shedding from a
stationary cylinder is transformed to parallel shedding at a lower value of FR = 0.5 as compared
to the case of π/4. Notably, as the forcing frequency is increased further, no oblique shedding is
observed and the flow remains parallel until FR = 3.0. At FR = 2 and FR = 3, the downstream
wake is nearly two-dimensional with no spanwise perturbations on vertical vortex columns. The
vortices appear as a straight timelines parallel to the cylinder axis where they get illuminated by the
laser sheet. Parallel shedding of spanwise vortex columns without spanwise perturbations indicates a
two-dimensional flow that is coherent with space and time. A possible explanation for this absence
of spanwise vortices may be the locking on of the cylinder oscillation frequency with the wake
shedding frequency at these FRs as observed in [25], which (for a circular cylinder) from the end
view visualization, at Re = 185 and FR � 2, showed that the hydrogen bubble sheet appeared as
a line with no out-of-plane motion, suggesting a two-dimensional flow. This also confirmed, as
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suggested by Thiria and Wesfreid [43], that when the wake is locked on, the three-dimensionalities
tend to get suppressed. This lack of three-dimensionalities, caused by rotary oscillations in the
wake, has a variety of applications, including fluid mixing control and some defense applications
[23,44]. This phenomenon may be further justified theoretically by relating it to the consequences
of the Taylor-Proudman theorem when observed from a rotating frame of reference attached to
the cylinder, which demonstrates that the flow is two-dimensional if the Coriolis force dominates
over the inertia and viscous forces [45–47]. The high forcing frequencies at which this forced two-
dimensional flow occurs indicate a higher Coriolis force, which further explains the occurrence of
this forced two-dimensional flow.

3. Effect of FR at θ0=3π/4

The spanwise wake structure for FR � 2, at an oscillation amplitude of θ0 = 3π/4, was similar to
that of θ0 = π/2 (as seen in Fig. 6). However, at FR = 2, cellular shedding is observed at the upper
half of the cylinder. A similar type of cellular structure was also observed by Bhattacharyya et al.
[48] in their study of the interaction of wall boundary layer and vortices in the wake of a rotationally
oscillating circular cylinder. This cellular structure was named mode Y, and most of the features
found in the spanwise cellular structure of the present study are identical to mode Y. Nevertheless,
in the present study, this structure is visible at FR = 2, whereas in prior research it was visible at
FR = 2.75. In contrast to the study of Bhattacharyya et al. [48], in the present investigation, the
cellular structure is observed only behind the upper half (i.e., the region of the cylinder with the
larger diameter) of the cylinder. The bottom half of the cylinder wake in the present study exhibited
a two-dimensional flow. This observation could be attributed to the variation in cylinder diameter
and change in the local Re number associated with it or the end conditions. This mode was made
visible by movement of the vertical platinum wire along the z axis; hence, the platinum wire is
placed in a location where the three-dimensional patterns are visible. Wire movements of 1 mm in
the cross-stream plane made it difficult to observe this mode, which exhibited only slightly perturbed
two-dimensional shedding. This may be because the flow is two-dimensional for this FR at other
oscillation amplitudes (θ0 = π/2 and θ0 = π ).

4. Effect of FR at θ0 = π

At an oscillation amplitude of π , oblique shedding transforms to parallel shedding at FR = 0.5
similar to θ0 = π/2 and θ0 = 3π/4. Three-dimensionalities are reduced to a significant extent for
forcing frequency, FR = 1, like for the case of oscillation amplitude of θ0 = π/2 and θ0 = 3π/4.
For forcing frequencies, FR � 2, distorted spanwise structures are observed throughout the span
in the wake of the cylinder. A lack of spatial coherence is noticed in the wake, and the spanwise
structures were found to be highly random.

B. Mode Y

Flow structures at FR = 2 and θ0 = 3π/4 were further studied due to their interesting wake
pattern in the spanwise plane [see Fig. 7(a)]. Similar cellular structures observed for a half-span
in the present study were observed for the entire span of a straight cylinder at FR = 2.75 by
Bhattacharyya et al. [48]. These cells are distinguished by oval voids (cells) and hydrogen bubbles
that curl toward the voids. With increasing downstream distance, the cells become flatter and the
structures are repeatable. It is interesting to note that this mode occurs in the vicinity of two-
dimensional parameter space (forcing frequency and amplitude) where the flow is two-dimensional
(seen in Fig. 6). This mode of shedding was termed mode Y. For a tapered cylinder, mode Y occurs
such that the cells are observed in the upper half of the cylinder (larger diameter side) and the flow
is two-dimensional at the lower half [see Fig. 7(a)]. Gaster [3] showed that the signal produced
by a hot wire in the flow past a straight stationary cylinder was almost periodic, but for a tapered
cylinder the signals revealed increasing amounts of low-frequency content and randomness with an
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FIG. 7. Mode Y at θ0=3π/4 and FR = 2. (a) Hydrogen bubble flow visualization in the x-y plane. The
platinum wire is 1Dm upstream of the cylinder. (b) Laser-induced fluorescence flow visualization in the x-z
plane (top: y/Dm = +5; bottom: y/Dm = −5). The yellow lines in (a) denote the plane where the image is
taken. (c) PIV data in the y-z plane. The red line in (a) denotes the plane where the data are taken.

increase in taper. To link the flow characteristics observed in the x-y plane, LIF flow visualization
was performed in the x-z plane. The locations where these experiments were performed are denoted
by yellow lines in Fig. 7(a). The visualization image on top of Fig. 7(b) represents the flow in the x-z
plane at y/Dm = 5 where the cellular structures are observed in the spanwise plane. The observed
vortices are not distinct suggesting an out-of-plane motion and the resulting three-dimensionalities
in the flow. The visualization image at the bottom of Fig. 7(b) represents the flow in the x-z
plane at y/Dm = −5 where the cellular structures are not observed in the spanwise plane and the
flow appears two-dimensional (lack of spanwise perturbations) at that location. The vortices are
more distinct as compared to the data observed at y/Dm = 5 (upper half), suggesting a lack of
out-of-plane motion which results in a lack of three-dimensionalities (spanwise perturbations) in the
flow. Figure 7(c) shows the results of instantaneous PIV data in the y-z plane taken simultaneously
with the hydrogen bubble flow visualization in the x-y plane. The location where these PIV data
were obtained is shown by a red line in Fig. 7(a). It can be observed that from the top end of
the cylinder, where the diameter is greatest, to the bottom end of the cylinder, where the diameter
is smallest, the size and strength of the vortices decrease. This was consistent with the hot-wire
measurements by Anderson and Szewczyk [49] showing frequency content of a stationary tapered
cylinder which showed that the cells at the high velocity or small diameter end of the cylinder
produced a narrow-band power spectrum peak which indicated a high degree of two-dimensionality
in that region, and the cells at the low velocity or large diameter end of the cylinder produced a
more broad-band power spectrum peak which indicated a high degree of three-dimensionality in
that region. These PIV data also reveal that the cellular structures observed in the flow visualization
experiments are counter-rotating vortices. The average distance between the area wetted centroid of
two blue vortices or two yellow vortices in the upper half of the cylinder wake gave us an estimation
of the spanwise wavelength. The average spanwise wavelength of this mode was observed to be
λ/Dm ≈ 1.5 (λ/D ≈ 1.6 was observed for mode Y in the wake of a straight circular cylinder) from
the PIV analysis. The spanwise wavelength of mode Y was also verified using spectral analysis
of the flow visualization image. For spectral analysis, the pixel intensity was measured across the
upper half spanwise length, and an FFT of the intensity profile gave a peak which is an estimate of
the spanwise wavelength.
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FIG. 8. Spanwise variation of normalized circulation of streamwise vortices for mode Y calculated from
the vorticity field in the y-z plane. y/L = 0 corresponds to the middle of the cylinder wetted length.

The comparison of nondimensional circulation of streamwise vortices in the y-z plane (at x/D =
3) along the span of the cylinder for mode Y of a straight circular cylinder with a diameter of 8 mm
and a tapered cylinder with the same mean diameter at Re = 250 is shown in Fig. 8. The circulation
was found by acquiring the area integral of vorticity (ωx) of the streamwise vortices found by PIV.
The origin is the spanwise position of the center of the wetted tapered cylinder in the y direction
(where the diameter is 8 mm), the upper extreme of the wetted taper cylinder (where the diameter
is 10 mm) is +1 in the y axis (y/L), and the lower extreme (where the diameter is 6 mm) of the
wetted cylinder is −1. The counter-rotating vortex in the y-z plane is observed for both the tapered
and straight cylinders. For a straight cylinder at FR = 2.75, the circulation of the vortices is almost
constant throughout the span signifying a uniform three-dimensional flow across the entire span,
whereas, for a tapered cylinder at FR = 2, the strength of the counter-rotating vortex decays in the
lower half of the span. This is consistent with the study of Anderson and Szewczyk [49] which
showed that for a stationary tapered cylinder in a uniform flow, the vorticity shed from the boundary
layer decreases across the span with decreasing local diameter to produce a spanwise variation in the
strength of the primary vortices. For the straight circular cylinder, the average streamwise (y-z plane)
vortex circulations �xaver /(DU ∞)=0.19 are in good agreement with the studies of Wu et al. [50] and
are much smaller than the average primary vortex circulations �yaver /(DU ∞) ≈ 1.5. For mode Y
flow conditions of straight circular cylinder, the maximum primary circulation �ymax/(DU ∞) found
by Kumar et al. [25] at FR = 2.75 was almost four times more than the maximum streamwise
circulation �xmax/(DU ∞) found in the present study.

Since the cellular structures were observed partially [see Fig. 9(a)], one of the obvious questions
that come up is the dependence of the local Reynolds number on the spanwise structures. It was
found that the local Reynolds number (corresponding to local diameter) at y/Dm = 9 was ∼281.
Hydrogen bubble flow visualization on a straight circular cylinder at Re ∼ 281 [see Fig. 9(b)] re-
vealed the formation of spanwise structures at the same forcing conditions (θ0 and f ). This justified
the occurrence of the cellular structures at the top half of the tapered cylinder. It must be noted
that the same absolute forcing frequency f was used instead of normalized forcing frequency (FR)
because the shedding frequency ( f0) changes with Re, which changes the FR. Coherent structures
of mode Y were observed across the span for a flow behind the straight cylinder at Re = 250 [see
Fig. 9(c)]. However, at the y/Dm=0, for a tapered cylinder, the cells were not prominent, which
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FIG. 9. Hydrogen bubble flow visualization at θ0 = 3π/4; (a) tapered cylinder at Re = 250 and FR = 2;
(b) straight cylinder at Re = 282; (c) straight cylinder at Re = 250; (d) straight cylinder at Re = 219. Scaling
is the same for the all the images.

may be attributed to the stronger effect of the two-dimensional flow below. It was found that the
local Re number at y/Dm = −9 was ∼218. Flow visualization on a straight cylinder at Re ∼ 219
[see Fig. 9(d)] revealed the absence of spanwise structures (no perturbations in the spanwise plane
and the vortex columns are perfectly straight) justifying the occurrence of the two-dimensional flow
at the bottom half of the tapered cylinder. Another reason for the partial occurrence of the cellular
structure may be because these cellular structures were coherently observed for a very small range of
forcing parameter space (combination of forcing frequency and amplitude) for a straight cylinder,
and this mode occurred in the neighborhood of the forcing parameter space where the flow was
two-dimensional. The change in shedding modes across the span of the tapered cylinder was also
observed in [18] where at the top (side with larger diameter) 2S mode of shedding was observed, at
the bottom (side with a smaller diameter) 2P mode of shedding was observed, and at the middle a
hybrid mode of shedding was observed. 2S here refers to a condition where two alternating vortices
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FIG. 10. Two-dimensional flow at θ0 = π/2 and FR = 1. (a) Hydrogen bubble flow visualization in the x-y
plane. The platinum wire is 1Dm upstream of the cylinder. (b) Laser-induced fluorescence flow visualization in
the x-z plane (top: y/Dm = +5; bottom: y/Dm = −5). The yellow lines in Fig. 10(a) denote the plane where
the image is taken. (c) PIV data in the y-z plane. The red line in Fig. 10(a) denotes the plane where the data are
taken.

or one pair of alternating vortices are shed per cycle and 2P refers to two pairs of alternating vortices
shed per cycle [6].

C. Forced two-dimensional flow

Certain forcing conditions transform the downstream wake into a two-dimensional state in which
spanwise perturbations on vertical vortex columns disappear. The spanwise vortices observed in
the wake of stationary tapered cylinders and at low forcing frequencies (for example, FR � 0.5)
disappear at certain forcing parameters. The forced wake becomes two-dimensional and spatially
and temporally coherent (less random). This interesting phenomenon is further looked into as the
flow conditions affect the drag force on the cylinder. Poncet et al. [51] and Jacon et al. [52] showed
that for a straight circular cylinder the drag coefficient of the three-dimensional flow was ∼14% less
than two-dimensional flow and ∼12% more than the forced two-dimensional flow.

A parallel vortex column without spanwise disturbances at FR = 1 and θ0 = π/2 indicating a
two dimensional flow is shown in Fig. 10(a). To link the flow characteristics observed in the x-y
plane, LIF flow visualization was performed in the x-z plane. The locations (y/Dm = ±5) where
these experiments were performed are denoted by yellow lines in Fig. 10(a). The visualization image
on top of Fig. 10(b) represents the flow in the x-z plane at y/Dm = 5, and the visualization image on
bottom of Fig. 10(b) represents the flow in the x-z plane at y/Dm=-5. The images revealed a similar
two-dimensional vortex structure without out-of-plane motion in both the top and bottom x-z planes.
Figure 10(c) shows the results of instantaneous PIV data in the y-z plane taken simultaneously with
the hydrogen bubble flow visualization in the x-y plane of Fig. 10(a). The location (x/Dm) where
the velocity field in the y-z plane is taken to understand the distribution of streamwise vorticity by
PIV in the y-z plane is shown by a red line in Fig. 10(a). The origin in the horizontal axis represents
the center of the cylinder, while the origin in the vertical axis represents the location of the center
of the wetted area in the y axis. PIV data reveal the absence of counter-rotating vortices found
in other three-dimensional cases. This absence of counter-rotating vortices further shows that the
flow is two-dimensional. Small periodic disturbances observed in the flow at the bottom end of
the cylinder may be because of the bottom wall effect. This end wall effect may be attributed to the
large spanwise variation of U∞/D which enhanced three-dimensionality through vortex adhesions
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FIG. 11. Hydrogen bubble flow visualization at θ0 = π/2; (a) tapered cylinder at Re = 250 and FR =
1; (b) straight circular cylinder at Re = 282; (c) straight circular cylinder at Re = 250; (d) straight circular
cylinder at Re = 219. Scaling is the same for the all the images.

and dislocations [12]. Silvestrini and Lamballais [53] showed that for a constant diameter circular
cylinder sheared inflow may modify the spanwise perturbations and disturbances in the flow.

The effect of the local Reynolds number on the wake structure at FR = 1 and θ0 = π/2 on
the tapered cylinder is shown in Fig. 11(a). Experiments on straight circular cylinders provided
interesting information about the flow at these forcing conditions(θ0 and f ). Flow visualization on a
straight circular cylinder at Re ∼ 282 [see Fig. 9(b)] revealed that although the shedding is parallel,
there are perturbations in the spanwise plane, and there is the formation of spanwise structures at the
same forcing conditions (θ0 and f ). This showed that the flow is not perfectly two-dimensional at
Re ∼ 282 and there is an occurrence of the spanwise structures. Even at Re = 250, the straight
circular cylinder exhibited three-dimensional characteristics [see Fig. 11(c)] unlike the tapered
cylinder. This three-dimensional mode of shedding for a circular cylinder is observed to become
discernible at FR = 0.9 and becomes distinct at FR = 1. When the forcing frequency is increased
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FIG. 12. Spanwise variation of normalized circulation of streamwise vortices at FR = 1 and θ0 = π/2
calculated from the vorticity field in the y-z plane using PIV. The origin is the spanwise position of the center
of the wetted cylinder along the y direction, the upper extreme of the wetted cylinder is +1 on the x axis (y/L),
and the lower extreme of the wetted cylinder is −1.

to FR = 1.1, mode dissociation is observed. Consequently, this mode is observed in a small range
of forcing frequency close to FR = 1 where the forcing frequency corresponds to the shedding
frequency of the stationary cylinder. Kumar et al. [25] also revealed that the instabilities of the wake
are very sensitive to the forcing conditions and that even small perturbations in the amplitude can
cause the flow to choose one mode over the other. The reason for this shedding mode not being
observed for a tapered cylinder could perhaps be due to the changes in the local Reynolds number
along the span which in turn changes the local shedding frequency and hence the FR at that particular
location. At Re = 219, the shedding for a straight circular cylinder was found to be two-dimensional
[see Fig. 11(d)] without any spanwise perturbations unlike at Re = 282 and Re = 250. This may
justify the two-dimensional flow behind the tapered cylinder as the two-dimensional flow at the
bottom of the cylinder may dominate the flow and cause the entire spanwise vortex column to be
two-dimensional. For higher forcing frequencies (FR = 2 and 3), both the tapered cylinder (shown
in Fig. 6) and the straight circular cylinder (not shown here) had a similar wake structure. The flow
was two-dimensional without any spanwise perturbation of the vortex column.

The strength of vortices in the spanwise plane would help in understanding the extent of
three-dimensionality in the flow. The normalized circulation of the streamwise vortices in the
y-z plane (x/D = 3) along the span of a tapered cylinder and a straight circular cylinder for an
amplitude of θ0 = π/2 at a forcing frequency of FR = 1 is shown in Fig. 12. The circulation in the
plot for the tapered cylinder shows the lack of counter-rotating vortices (weak three-dimensional
vortices) in the y-z plane. This also justifies the PIV data in the x-z plane shown in Fig. 10(c). The
circulation of the vortices for the tapered cylinder being smaller in magnitude signifies the turning
of the flow to two-dimensional. The average streamwise vortex circulations �xaver /(DU ∞) ∼ 0.07
are much smaller than the average primary vortex circulations �yaver /(DU ∞) ≈ 2 in the x-z plane
as reported [25] for FR = 1 for a straight circular cylinder. For a straight circular cylinder, the
maximum circulation �ymax/(DU ∞) found [25] was almost ten times more than �xmax/(DU ∞) found
in the present work, further showing that the flow is two-dimensional. However, at the bottom end
of the tapered cylinder, there were vortices of the same sign which might be due to end effects
[also seen in Fig. 10(c)], showing some significant values of normalized circulation. For a straight
circular cylinder, significant values of normalized circulation were obtained confirming the presence
of counter-rotating vortices in the y-z plane. This also justified the braidlike three-dimensional
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FIG. 13. Frequency response of the wake from hot film anemometry (a) FR = 1, θ0 = π/2, y/Dm = 0;
(b) FR = 2, θ0 = 3π/4, y/Dm = 8; (c) FR = 2, θ0 = 3π/4, y/Dm = −8.

instabilities found at FR = 1 for the straight circular cylinder as shown in the flow visualization
result in Fig. 11(c).

D. Spectral content of the wake

Hot-film measurements were taken with a fiber film probe for measuring the frequency content
of the wake at a downstream distance of x/Dm=2 at every 1 mm interval in a spanwise direction
(y direction) for 100 mm. These quantitative measurements were done to compare the visual
observations in the spanwise plane. Figure 13(a) shows the hot-film data taken at y/Dm = 0,
FR = 1, and θ0 = π/2 where there is a lack of spanwise perturbation in the flow [the flow is almost
two-dimensional as seen in Fig. 11(a)]. The spectrum shows that the wake is having a lock-on
phenomenon as the forcing frequency of the oscillating tapered cylinder matches the frequency of
the wake. Similar results were found in the study of Bhattacharyya et al. [48] for the case when
the shedding frequency of the stationary cylinder matched the forcing frequency of the oscillating
straight cylinder (FR = 1).

Hot-film analysis shown in Fig. 13(b) revealed the wake at FR = 2 and θ0 = 3π/4 at a location of
y/Dm = +8 [upper half of the cylinder where cellular structures are observed in flow visualization
data of Fig. 9(a)] still responds to the cylinder oscillation frequency, but there are clear indications
of multiple frequencies present, suggesting complex behavior of this mode. This also suggests that
the wake supports a new spanwise mode [consistent with flow visualization data shown in Fig. 9(a)]
on the upper half of the cylinder because the dominant frequency is not the forcing frequency at this
spanwise location. The spectrum at y/Dm = −8 in Fig. 13(c), shows that the wake is having a lock-
on phenomenon as the forcing frequency of the oscillating tapered cylinder matches the frequency
of the wake and the forcing frequency is also the dominating frequency. A similar observation is
seen for a two-dimensional forced flow at FR = 1 and θ0 = π/2 which also suggests that the flow
at the bottom half of the cylinder is almost two-dimensional and lacks spanwise perturbations. These
measurements also confirm the flow visualization data shown in Fig. 9(a) where a two-dimensional
flow is seen at the bottom half of the cylinder wake at similar forcing conditions.

E. Lock-on parameter space

The lock-on phenomenon, where the cylinder oscillation frequency equals wake shedding fre-
quency was first studied numerically by Okama et al. [54] for a rotationally oscillating straight
circular cylinder. In the present work, the lock-on parameter space was derived from the spectrum
of streamwise velocity fluctuations at a downstream distance of x = 2Dm from the cylinder and
at various forcing parameters using hot-film anemometry. The fiber-film probe was kept at the
center of the vertical extent of the cylinder (at Dm = 8 mm) and at 0.9D away from the cylinder
center line on the z axis. Figure 14 illustrates the lock-on parameter space in the amplitude-forcing
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FIG. 14. Lock-on diagram: regions exhibiting lock-on in the amplitude-frequency plane at x = 2Dm down-
stream. Five discrete amplitude data points are connected by straight lines to illustrate the parameter space of
lock-on.

plane. The figure shows, for each amplitude, the lower and higher limits of the region of forcing
frequencies where the dominant downstream near-wake frequency matches the oscillation frequency
of the cylinder. The present results are similar to the published literature [25] for a straight circular
cylinder at Re = 190. It is observed from Fig. 17 that the lock-on region depends on both the
forcing frequency and the oscillation amplitude of the cylinder. The change in the shedding structure
of the vortices as seen in the flow visualization results with the change in forcing parameters is
the reason for the difference in the lock-on parameter space. Thiria et al. [43] showed that these
differences in lock-on ranges were a result of changes in mean flow stability characteristics near the
straight circular cylinder. It was seen that the lock-on parameter space decreases with decreasing
oscillation amplitude (see Fig. 14) for a tapered cylinder. In addition, for high oscillation amplitudes
like θ0 = π , the lock-on phenomenon was observed for a wider range of FRs as compared to
lower oscillation amplitude. Mahfouz and Badr [55] demonstrated that below a particular forcing
amplitude, the lock-on region entirely diminishes. The forcing frequencies at lock-on initiation were
found to be similar for both cases of the straight cylinder and the tapered cylinder. The tapered
cylinder exhibited the lock-on initiation only at a slightly higher forcing frequency. There was a
difference in the termination frequency of lock-on for a straight cylinder [25] and a tapered cylinder
for oscillation amplitudes θ0 � π/2. For the present experiment, there was an absence of an abrupt
increase in the termination forcing frequency of lock-on at an oscillation amplitude of θ0 = π/2,
and the termination forcing frequency of lock-on gradually increased with an increase in oscillation
amplitude. Kumar et al. [25] also showed that the lock-on parameter space may change at different
downstream locations. The errors in the range of FR at which lock-on occurs for a particular
oscillation amplitude is less than 3%. These errors may arise due to change in shedding modes
when lock-on is initiated or terminated. This lock-on parameter space is essential for analyzing the
variations in drag coefficients obtained for different forcing frequencies and oscillation amplitudes.

F. Drag analysis with direct drag measurement setup

Direct drag measurement of the drag force on tapered cylinder was done using the setup described
in Sec. II A 4. The load cells were calibrated using a variety of known weights in order to determine
the slope between the load applied to the load cell (mN) and the potential difference (mV) observed
across the imbalanced Wheatstone bridge. The slope derived from the potential difference data is
then used to compute the actual drag force applied to the cylinder throughout the experiment. A
direct method of calibration was used, in which the load cell was placed in the setup in its position,
and weights were added to the setup by means of a pulley. With regard to the load cell measurement,
the aim was to take into account all possible setup effects, such as friction, tension in the tubes, the
gravity component of the sloped arrangement, etc. As the weights are added gradually, the hanger
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FIG. 15. Calibration of 1 kg capacity load cell at 1:11 lever arm ratio.

component pulls the setup via a pulley system, pressing the load cell and producing the correct
deflection in the load cell. For the amplification of the forces, the calibration was done at a lever
arm ratio of 1:11. Weights up to 50 grams were employed at this lever arm ratio, producing a linear
slope of 0.0073 mV/mN. (Fig. 15). The effective drag force was the difference between the drag
force obtained at a specific Reynolds number and the drag force obtained without any flow in the
water tunnel. The coefficient of drag from the effective drag force FD was obtained by

CD = FD
1
2ρU∞2S

, (4)

where ρ is the water density and S is the frontal area of the cylinder.
Figure 16 shows the comparison of drag coefficients of tapered and straight cylinders at various

Reynolds numbers. Except for a Reynolds number of 150, when the difference was roughly 20%, it
was found that the drag coefficient for the tapered cylinder was about 10% lower than the straight

FIG. 16. Comparison of CD for a stationary tapered cylinder with a stationary straight circular cylinder at
various Reynolds number.
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FIG. 17. Vorticity from the velocity field obtain by phase-locked time-averaged PIV (a) at FR = 1 and θ0 =
π/2 at y/Dm = −5; (b) at FR = 1 and θ0 = π/2 at y/Dm = +5; (c) at FR = 2 and θ0 = 3π/4 at y/Dm = −5;
(d) at FR = 2 and θ0 = 3π/4 at y/Dm = +5.

cylinder. These results confirm the observation of Bosch and Guterres [38] for a cylinder with a
taper ratio of 60 (at a higher Reynolds number of 1200 � Re � 10 000) where the drag coefficients
for a tapered cylinder were lower by 10%–15% than a straight cylinder. Because of the geometry of
the tapered cylinder, this occurrence could be a result of the three-dimensional effects. The results
were also consistent with the study of Gaster [3] at 5000 � Re � 50 000, where, compared to the
straight cylinder at a similar Reynolds number, the taper substantially reduced the sectional drag
coefficient by up to 20% and produced significant spectral broadening. Gaster suggested that the
reason for this decrease in drag was spectral broadening, which was essential if the vortices were to
maintain any spanwise coherence. The drag coefficient at Re = 250 for a stationary straight circular
cylinder was observed to be 1.48, and the drag coefficient at Remean = 250 for a tapered cylinder
was found to be 1.28 (∼13% less than the straight circular cylinder). The experimental errors in
direct drag measurements were less than 5%. The drag of a rotationally oscillating tapered cylinder
was not obtained with the help of this setup due to the complications arising from the vibrations
of the setup because of rotational oscillations. To approximately obtain the drag of the rotationally
oscillating tapered cylinder, planar PIV was conducted, which will be discussed in the next section.

G. Drag analysis with PIV

The data on velocity fields obtained from PIV is used to extract velocity profiles which are used
to obtain estimates of drag coefficient. To check the reliability of the PIV setup, vorticity fields
from the velocity data in the x-z plane obtained by phase-locked rime averaged PIV as seen in
Fig. 17 were compared with the flow visualization results in the x-z plane. Figures 17(a) and 17(b)
revealed alternating vortices which showed good similarity with the flow visualization results under
similar forcing conditions [see Fig. 10(b)]. Similarly, Figs. 17(c) and 17(d) corresponding to the
flow at FR = 2 and θ0 = 3π/4, exhibited a high degree of resemblance to the flow visualization
results under comparable forcing conditions [see Fig. 7(b)]. The sectional drag coefficient obtained
at y/Dm = −0.5, 0, and 0.5 is found to be approximately the same, hence, the sectional drag was
considered to be the global drag according to Eq. (2). PIV for drag analysis was performed at the
two-dimensional (x-z) plane at y/Dm = 0. The drag coefficient value for a stationary cylinder at
this location is approximately similar to the value obtained by direct drag measurement (shown
in Fig. 19). It must be noted that this is an approximate estimate as an assumption made for drag
prediction by PIV is that the flow is two-dimensional (in the x-z plane at the center of the cylinder
wetted area), which strictly is not true since forcing and tapering greatly alter the flow in the third
dimension depending on the forcing frequency and amplitude.
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FIG. 18. Schematic of control volume specification for drag calculation. The control surfaces 1, 2, and 3
are assumed to possess U∞ value.

The momentum deficit term in Eq. (1) is sufficient to calculate the drag coefficient in the far wake
using the mean velocity profile as the static pressure is almost recovered to its free-stream value
here. If the velocity profiles are taken ≈30Dm downstream from the cylinder, the contribution of the
second term can be neglected [27]. However, in the present PIV setup, the visualized downstream
distance is limited (17Dm). Hence, the estimation of momentum deficit and turbulence terms in the
near downstream location is important. The domain size and the free-stream velocity value were
kept constant for all the cases considered to have consistency in the results. A streamwise domain
extent of x/Dm = 16 and 15 also yielded approximately same values of drag coefficient (±2% from
the CD values obtained from a streamwise domain of x/Dm = 17) under similar forcing conditions.
The resulting values from the present analysis are approximate estimates; however, they would
provide a trend of the functional dependence of drag on the forcing parameters. Figure 18 shows
the schematic of the control volume used for drag calculation. The control surfaces labeled 2 and 3
are assumed to have a constant velocity value, and because of the absence of data in the upstream

FIG. 19. Variation of drag coefficient with forcing frequency at θ0 = π/2 for a straight circular cylinder
and tapered cylinder. The red dot signifies the CD value obtained for a stationary straight circular cylinder, and
the blue dot signifies the CD value obtained for a stationary tapered cylinder by direct drag measurement.
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region, the edge containing the cylinder was considered as the free stream region with a constant
U∞ value for all the calculations.

The drag coefficient obtained for a stationary circular cylinder with PIV was CD = 1.51, and
the drag coefficient obtained for a stationary tapered cylinder with PIV was CD = 1.34, which is
consistent with the values obtained by direct drag measurement. The distribution of drag coefficient
at various forcing frequencies at an oscillation amplitude of θ0 = π/2 is illustrated in Fig. 19.
The present study validates the theory of Wu et al. [56] that the drag coefficient can be reduced
below its steady-state magnitude when there is a frequency mismatch which is observed for forcing
frequencies less than the lock-on initiation FR values. For a tapered cylinder, the reduction of
drag was ∼15% at forcing frequencies below the lock-on initiation forcing frequency. The peak
in the drag coefficient plot occurs at FR ∼1, just after the initiation of the lock-on phenomenon
in the tapered cylinder. One of the reasons for this occurrence may be attributed to the fact that
after lock-on occurs, the vortices formed in the vicinity of the cylinder are stronger with higher
suction pressure. This occurrence confirms the experimental findings of Okama et al. [54] and
computational findings of Cheng et al. [57]. When the flow enters the lock-on regime, there is
constructive interference (the first shed vortex rotates in the opposite direction of the cylinder’s
motion) up to a certain forcing frequency where the CD reaches its local maxima. This analogy of
constructive and destructive interference is described in the experimental findings of Thiria et al.
[24]. With a further increase in forcing frequency, after the maximum CD value is attained, we see
a considerable decrease in the drag coefficient for both the cases of a straight circular and a tapered
cylinder (see Fig. 19). This may be due to the change of the shedding mode (x-z plane) from Kármán
vortices to double vortex shedding mode in which there is destructive interference where the first
shed vortex rotates in the same direction as the cylinder’s motion for half of the half-period (time
from the vortex origination in the one side of the cylinder to the origination of another in the other
side of the cylinder in the x-z plane). At FR � 1.5, the drag coefficient values are observed to be
less for a straight circular cylinder than a tapered cylinder, unlike the stationary cases, which may
be because of the different shedding modes observed at different forcing conditions. Changing the
forcing parameters of the cylinder can make the wake pick one mode over the other. At FR = 3, a
further decrease in the drag coefficient is observed for a tapered cylinder. This may be because of
the combined effect of a mismatch of frequency between the tapered cylinder and the downstream
wake (out of lock-on parameter space) along with the destructive interference caused by the cylinder
on the wake. At FR �3, the drag coefficients for a straight circular cylinder are observed to be less
than that of a tapered cylinder, which may be because of the spanwise variation of the Re number
for a tapered cylinder. The uncertainty in drag estimation may also be attributed to uncertainty in
particle displacement estimates, which may be due to a bias error and a random error. Bias error
is caused because of PIV evaluation algorithm, while random error arises because of measurement
uncertainty.

Comparison of Fig. 19 (at oscillation amplitude θ0 = π/2) with Fig. 20 (at oscillation amplitude
θ0 = 3π/4) shows that the maximum drag coefficient increases with increasing oscillation ampli-
tude. As seen in the lock-on diagram of Fig. 14, it is observed that for a tapered cylinder as the
amplitude increases, the FR parameter space of the lock-on increases. Consequently, the lock-on
is initiated at a lower value of forcing frequency as the oscillation amplitude increases. With a
decrease in forcing frequency, the time required for vortex formation in the lock-on range at a
fixed amplitude increases, which may result in an increase in vorticity fed to downstream vortices.
The locked-on vortices become stronger as the amplitude of oscillation increases, as the vorticity
generated by the oscillating cylinder is fed to the vortices, resulting in a higher drag peak at a higher
amplitude. When the forcing frequency exceeds the termination forcing frequency of the lock-on
range, the drag coefficients decrease with increasing forcing frequency. Figures 19 and 20 show
that with an increase in the amplitude of oscillation, the decrease in the drag coefficient becomes
more prominent. This may be because the convective instabilities decrease as we move beyond the
lock-on zone [43].
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FIG. 20. Variation of drag coefficient with forcing frequency at θ0 = 3π/4 for a straight circular cylinder
and tapered cylinder.

An important observation at FR ≈ 2 and θ0 = 3π/4 for a tapered cylinder, and at FR ≈ 2.75 and
θ0 = 3π/4 for a straight circular cylinder, from Fig. 20 shows that for both cases there is an increase
in drag coefficient (CD). It is seen that the increase in drag coefficient is more for a straight circular
cylinder than for a tapered cylinder. This spike occurs may be because of the three-dimensional
mode (mode Y) at these forcing conditions. The spike in the drag coefficient for a tapered cylinder
is less may be because of the partial occurrence of mode Y on the upper half and forced two-
dimensional flow at the bottom half of the cylinder wake (as seen in Fig. 6) unlike a straight circular
cylinder where mode Y is observed across the entire span. This further justifies the findings of
Poncet et al. [51] and Jacon et al. [52] that the drag coefficient of the three-dimensional flow was
∼14% less than two-dimensional flow and ∼12% more than the forced two-dimensional flow.

IV. CONCLUSION

Spanwise structures emerging from the flow past a rotationally oscillating tapered cylinder are
experimentally studied at Remean=250 using the hydrogen bubble flow visualization technique and
particle image velocimetry. Laser-induced fluorescence data in the cross-stream (x-z) plane were
acquired to link the flow fields in the wake cross section (x-z plane) to visual observations in
the x-y plane. The direct drag measurement technique was used to obtain the coefficient of drag
for the stationary cases at various Reynolds number. PIV provided quantitative information about
the flow in terms of the streamwise vorticity variation along the span and the drag coefficient at
various forcing parameters. These studies helped in quantifying the counter-rotating vortices and
the circulation along the span of the cylinder. The lock-on region obtained by hot-film anemometry
was mapped using forcing parameter space. The findings of the study include the following:

(1) Visualization data revealed that at a forcing frequency of FR = 1 the oblique shedding in
the spanwise plane of a stationary cylinder changes to parallel shedding irrespective of changes in
oscillation amplitude.

(2) The forcing parameters (θ0 and FR) for which the flow was converted from three-dimensional
to two-dimensional were found from visualization data, and the same was confirmed by PIV (for
example, at FR=1 and θ0 = π/2).

(3) At the upper half of the cylinder wake, the flow resembled a cellular gridlike three-
dimensional mode with a spanwise wavelength of λ/Dm = 1.6. This was observed at a forcing
frequency, FR = 2, and oscillation amplitude of θ0 = 3π/4.
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(4) The strength of circulation of spanwise vortices weakens as we move from the larger
diameter end to the smaller diameter end of the cylinder. Frequency content of the wake measured by
hot-film anemometry showed that the flow is governed by multiple frequencies under the conditions
where the flow visualization results showed cellular structures in the wake. Additionally, the flow is
governed by a single dominant frequency peak where spanwise perturbations are minimum and the
flow exhibits a lock-on phenomenon.

(5) Both the oscillation amplitude and forcing frequency impact the lock-on parameter space.
With increasing oscillation amplitude, the range of forcing frequencies for which the wake is locked
onto the cylinder frequency expands.

(6) The value of CD for a stationary tapered cylinder was ∼10%–15% less than a stationary
straight cylinder for various Reynolds number confirming the observation of Gaster [3] and Bosch
and Guterres [38].

(7) Maximum values of CD are achieved when the forcing frequency enters the lock-on zone,
which supports earlier numerical investigations on a straight circular rotationally oscillating cylinder
[57,58].

(8) The maximum value of CD increases as the oscillation amplitude is increased from π/2 to
3π/4. Additionally, when the forcing frequency leaves the lock-on region the reduction in drag
coefficient is more for higher amplitude (θ0 = 3π/4) as compared to lower amplitude (θ0 = π/2).

(9) An increase in CD is observed when a three-dimensional mode (mode Y) in the wake of an
oscillating cylinder is observed.
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