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The vortex-excited dynamics of a uniform pivoted cylinder in uniform and sheared #ow was
investigated experimentally. The experiments were numerically simulated using a di!usive Van
der Pol oscillator model developed by Balasubramanian & Skop recently. Salient features of the
experimental investigations and the numerical simulations are presented here. Comparisons
between the experimentally recorded and numerically predicted structural response to vortex-
excited vibrations, power spectral density measurements of near-wake velocity #uctuations and
lock-in ranges are made. A comparison of the numerical predictions and the experimental data
reveals good agreement. ( 2000 Academic Press
1. INTRODUCTION

SEPARATION OF FLOW behind a blu! body leads to #uctuating lift and drag forces. These
oscillatory forces can result in substantial body motion if the structure is #exible or
elastically restrained. The ampli"cation of these forces due to resonance between the vortex
shedding frequency or one of its subharmonics and a body natural frequency is a serious
problem in many engineering applications. Termed lock-in or synchronization, this phe-
nomenon has been the focus of decades of research. While a resonance between the
vortex-shedding frequency and a body frequency is not in itself surprising, the fact that
a resonant structural response is observed over a bandwidth of 25}30% (Sarpkaya 1978) of
the resonant frequency makes it signi"cant. The nature of the response close to the linear
resonance condition is indicative of nonlinear interaction between the structure and the
#uid #ow.

Over the years, numerous experimental and numerical investigations have been conduc-
ted to understand the dynamics of vortex shedding during lock-in and the dynamics of the
cylinder under lock-in. The results of these investigations reveal that the structural response
to vortex excitation is primarily governed by a parameter termed the reduced damping.
Reduced damping is de"ned as the structural damping divided by the ratio of #uid to
structural masses. Experimental investigations by several investigators have revealed that
the structural response to vortex excitation approaches an asymptotic limit of about two
0889}9746/00/010065#21 $35.00/0 ( 2000 Academic Press
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cylinder diameters for small values of the reduced damping. Numerical investigations using
nonlinear oscillator models have identi"ed a modal scaling principle for the structural
response. This modal scaling principle (Gri$n 1982) collapses the vortex-excited response
of di!erent types of structures to a single curve through a modal shape factor.

Nonlinear wake oscillator models have been used to model vortex-excited vibrations of
structures for about two decades now. In these equations, the lift force due to vortex
shedding is represented by a nonlinear di!erential equation. Initially, their use was justi"ed
by the similarities between the experimental observations of the near-wake velocity #uctu-
ations and the nature of the solutions to these nonlinear oscillators. More recently, a more
physical rationale for their use has been provided by the "ndings of AlbereH de & Monkewitz
(1992), who showed that nonlinear oscillators of the Van der Pol type arise as a leading-
order approximation to the vortex-shedding instability from a uniform stationary cylinder
in a uniform #ow. This leading-order nature explains the success of the nonlinear oscillator
models in matching experimentally observed response amplitudes and the #ow velocities at
which they occur, while at the same time o!ering an explanation for their inherent
limitations. Recently, Skop & Balasubramanian (1997) have overcome a long-standing
limitation of the nonlinear oscillator models, namely, their inability to match the experi-
mentally observed asymptotic limit on the structural response. Skop & Balasubramanian
(1997) have introduced a stall-type term in the representation of the #uctuating lift force due
to vortex shedding. In their model, they describe the excitation component of the #uctuat-
ing lift force that drives cylinder motion by a Van der Pol oscillator. The other component
of the lift force is given by a stall term that provides for a self-limiting asymptotic response at
zero structural damping.

While vortex-excited vibrations of uniform cylinders in uniform #ow have been studied
comprehensively over the years, very little attention has been paid to the e!ect of shear in
the approach #ow on vortex-excited vibrations. Vortex-excited vibration in nonuniform
#ow is an oft-experienced phenomenon in marine environments, where depth-varying
ocean currents are very common and a!ect the performance of drill pipe risers and
oceanographic moorings. Over land, atmospheric boundary layers and wind shear can
result in spanwise-varying #uid loading on smoke stacks and chemical plant towers
(Goyder 1997). Shear in the #ow results in a variation of the vortex-shedding frequency
along the span of the cylinder. Experimental evidence of vortex shedding from rigid
cylinders in shear #ow indicate that vortices are shed in cells of constant frequency along the
span (Stansby 1976). In a nonuniform #ow scenario, some part of a #exible cylinder may be
under lock-in over a larger range of #ow velocities than in uniform #ow. Fischer et al. (1980)
have reported that shear in the #ow does not have any signi"cant e!ect on the observed
structural response. Chung (1987) and Kim et al. (1984) have reported on the response of
tensioned cables to vortex shedding in sheared #ows. While Chung (1987) does not present
any quantitative evidence of the e!ect of shear, he suggests that caution must be employed
in extrapolating the uniform #ow data to nonuniform #ow scenarios. Kim et al. (1985)
report multi-moded nonlock-in behavior in shear #ows. More recently, Vandiver et al.
(1996) have reported the existence of regimes of lock-in and nonlock-in response in highly
sheared #ows. Research into vortex-excited vibrations in nonuniform #ow is still in its
infancy and, given the growing demand for oil exploration in deeper waters, a better
quantitative understanding of the e!ect of shear in the #ow on vortex-excited vibrations is
essential.

A systematic experimental investigation has been initiated to understand the e!ect of #ow
and structural nonuniformities on vortex-excited vibrations at the University of Notre
Dame's Hessert Center for Aerospace Research (Szewczyk et al. 1997). Uniform and tapered
pivoted cylinders, cantilevers and tensioned cables are subjected to uniform and sheared
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#uid loading in wind and water tunnels. The investigations focus on measuring response
amplitudes and accelerations, lock-in ranges and power spectral density measurements of
near-wake velocity #uctuations. While these experiments are expected to provide the much
needed nonuniform #ow data, they also provide a framework against which to evaluate the
performance of a di!usive Van der Pol oscillator model (Balasubramanian & Skop 1997) in
predicting vortex-excited vibrations in nonuniform #ow scenarios. The vortex-excited
dynamics of pivoted cylinders were studied "rst. Pivoted cylinders possess a single mode of
response and hence are ideally suited to identify the important parameters in what is known
to be a rather complex #uid}structure interaction mechanism. Here, we present salient
features of the experimental investigation on the vortex-excited vibrations of uniform
pivoted cylinders in uniform and shear #ows. The experimental data are presented and
compared with the results of the numerical predictions using the di!usive Van der Pol
oscillator model. The preliminary results of the comparison between the numerical predic-
tions and the experimental data were presented in Balasubramanian & Skop (1997). Here,
details that were not presented in an earlier version of this paper are discussed in addition to
new experimental evidence on the vortex-excited vibrations of uniform pivoted cylinders in
linear shear #ows and the corresponding numerical simulations.

2. EXPERIMENTAL INVESTIGATIONS

The experiments were conducted in a low turbulence in-draft wind tunnel that was 2)0 m
long and had a square cross-section measuring 0)61 m]0)61 m. The tunnel has an inlet
contraction ratio of 20)6 :1 with 12 antiturbulence screens. The #ow was driven by an
eight-bladed fan connected to an 18)6 kW AC induction motor. The speed capability of the
tunnel ranged from 3 to 30 m/s and experiments were conducted at velocities ranging from
4 to 12 m/s. The turbulence intensity in this velocity range was less than 0)05%. A character-
istic uniform velocity pro"le in the vertical direction recorded at the centerline of the wind
tunnel is shown in Figure 1(a). The origin of the spanwise scale, denoted by z, corresponds
to the top of the test-section, as seen in Figure 2.

A vertical shear #ow was generated by employing an S-shaped screen upstream of the
test-section. The shear screen (Elder 1959), originally used by Fiscina (1977) and later by
Anderson (1994), was designed to provide a linear shear pro"le with turbulence intensities
as low as 0)2%. Velocity pro"les recorded at the centerline of the test-section are shown for
two orientations of the shear screen in Figure 1(b, c). Also shown in Figure 1(d) is
a quasilinear shear pro"le obtained from an identical but older shear screen.

The model cylinder used in the experiments was made from wood of density 540 kg/m3.
The cylinder had an outer diameter of 0)0572 m and a wall thickness of 0)0095 m, resulting
in a mass per unit length of 0)77 kg/m. The cylinder was 0)601 m long and spanned the
depth of the test-section. The model was pivoted on a bearing at the top of the test-section
and the sti!ness of the pivoted cylinder was increased by attaching two linear springs
(K"1988 N/m each) transversely to a sting protruding from the bottom of the cylinder as
shown in Figure 2. The sti!ness, and hence the natural frequency, of the pivoted cylinder
was increased to enable vortex excitation within the limits of the achievable #ow speeds in
the wind tunnel. Constrained by the pivot at the top and by the springs at the bottom, the
cylinder was capable of motion in the transverse direction only. The natural frequency of
oscillation in the cross-#ow direction and the system-damping ratio was recorded for the
di!erent experiments and are summarized in Table 1.

Measurements of the lateral displacement of the tip of the sting were made using an
opto-electronic sensor. A horizontal laser light beam was directed at a small mirror
mounted on the tip of the sting. The light beam was re#ected at an angle of 453 from the



Figure 1. Experimentally recorded velocity pro"les: (a) uniform #ow; (b) linear shear pro"le with <
.!9

at z"¸;
(c) linear shear pro"le with <

.!9
at z"0; (d) quasilinear shear #ow.
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mirror through a condensing lens onto a Graseby Optronics Model 1233 1)0 cm]1)0 cm
tetra-lateral detector. The signal from the lateral e!ect detector was then digitized and
converted to tip displacements. The absence of displacements in the in-line mode was
con"rmed by analyzing the signal from the tetra-lateral detector. Measurements of #ow
velocity in the wind tunnel were made using a Pitot static tube connected to an electronic
manometer. During the experiments the pitot tube was placed at a distance of 0)8 m forward
of the cylinder and a distance of 0)53 m from the top of the tunnel. The position of the pitot
tube was chosen so that it did not interfere with the #ow pattern incident on the test
cylinder. The wind tunnel blockage in these experiments was 9)3% and blockage correction
was deemed unnecessary.

Hot-wire measurements of the near-wake velocity #uctuations due to vortex shedding
were made using Dantec 55P01 single-wire probes. The probes had a tungsten wire sensor
of 5 lm diameter and were operated in a constant-temperature mode with a TSI (IFA 100)
anemometer. In an e!ort to sample the near wake at two spanwise locations at the same
time, two probes vertically separated by 0)0254 m were used in tandem. The probes
were mounted on a digitally controlled two-degree-of-freedom traverse mechanism. The
hot-wire assembly was placed at a distance of two diameters downstream and 0)65 diameter
away from the centerline of the cylinder. Power spectral densities and time histories of the
near-wake velocity #uctuations were obtained at numerous spanwise positions along the
cylinder. The power spectral densities were based on 30 ensembles of 1024 samples acquired
at a sampling rate of 400 Hz for a total sample time of 76)8 s.

An issue of concern in these experiments was the e!ect of the opening on the #oor of the
test-section that was made for structural amplitude measurements (see Figure 2).



Figure 2. Cross-sectional schematic of the uniform pivoted cylinder in the wind tunnel.

TABLE 1

Experimentally measured natural frequencies and system damping ratios for the uniform
pivoted cylinder

Velocity pro"le Natural frequency System damping
(Hz) m

Uniform #ow 20)2 0)0031
Linear shear #ow <

.!9
at z"0 19)8 0)0031

Linear shear #ow <
.!9

at z"¸ 19)8 0)0031
Quasilinear shear #ow <

.!9
at z"0 20)2 0)0031
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The suction caused by this slot could seriously impact the #ow quality in the test-section.
The in-#ow due to the slot was reduced by using a tape and foam seal during the
experiments. Turbulence intensity measurements were made both upstream and down-
stream of the cylinder location for the uniform #ow case, with the slot partially open
(experimental conditions) and closed, to gauge the e!ect of this opening on the #ow "eld.



Figure 3. Turbulence intensities measured (a) upstream and (b) downstream of the cylinder location for uniform
#ow: s, data recorded with the slot completely closed; *, s data recorded with the slot partially closed, as was the

case in the experiments.
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The measurement location was three diameters upstream of the cylinder centerline and two
diameters downstream of the cylinder centerline. The turbulence intensity data, shown in
Figure 3, indicate that the opening on the #oor of the test-section had little impact if any on
the #ow quality upstream of the cylinder. Downstream of the slot, the turbulence intensity
data indicate that the in-#ow from the slot a!ects #ow quality very close to the bottom of
the test-section. The measured turbulence intensities for 0)0(z@(0)12 (z@"¸!z; ¸ is the
depth of the test-section) are about one order of magnitude higher when the slot is open.
However, the rapid drop-o! in turbulence intensities for z@'0)12 is indicative of the fact
that the slot did not greatly a!ect the near-wake #ow dynamics of the cylinder. A complete
discussion of the vortex dynamics in the near wake of "nite length cylinders in turbulent
#ows has been reported by Farivar (1981). Farivar reports increased turbulence intensities
in a region close to the tip of the cylinder, but no signi"cant increase in turbulence
intensities away from the end of the cylinder. The turbulence intensity data from the current
experiments appear to con"rm this trend. Turbulence intensities recorded upstream of the
cylinder location for the shear #ow scenario are qualitatively similar to those recorded in
the uniform #ow experiment. Turbulence intensities were not recorded downstream of the
cylinder location for the shear #ow cases, but it is assumed that the qualitative similarity in
the turbulence intensities measured upstream of the cylinder between the uniform and shear
#ow cases extends to the downstream turbulence intensities as well.
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3. NUMERICAL MODELING

The numerical simulation of the vortex-excited dynamics of a uniform pivoted cylinder in
uniform and shear #ows was accomplished by numerically integrating the equation of
motion for a pivoted cylinder under #uid loading due to vortex shedding. The governing
equation of motion for a pivoted cylinder was developed in terms of its angular displace-
ment h as

d2h
dt2

#2mu
n
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dt
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where t is the time and z the axial coordinate along the cylinder. The system damping ratio
is represented by m, the #ow velocity by< and u

n
("2nf

n
) is the system's natural frequency.

The length of the cylinder subjected to #uid loading is de"ned as ¸, and D is the cylinder
diameter. The total inertia of the system is denoted by I and includes the inertia of the
transverse springs that were used to increase the sti!ness of the system. The total inertia of
the system and its natural frequency have been determined using a lumped mass formula-
tion following Thomson's (1988) development of the e!ect of spring mass on the natural
frequency of a spring}mass system. Using this lumped mass formulation, the natural
frequency of the spring-sti!ened pivoted cylinder is expressed as
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where K is the spring constant of the springs, ¸
1
"0)656 m is the distance from the pivot to

the point of attachment of the springs, and g is the acceleration due to gravity. The mass per
unit length of the cylinder is denoted by m, and m

S
is the lumped mass of the spring and the

sting to which it is attached. The natural frequency is computed to be 20)6 Hz and is in good
agreement with the experimentally recorded natural frequencies listed in Table 1.

In equation (1), the #uid forcing on the pivoted cylinder is expressed as a moment of the
lift force caused by vortex shedding. The #uctuating lift coe$cient, C

L
(z, t), is expressed as
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where u
S
(z)"2nf

S
(z) is the vortex-shedding frequency. The lift force due to vortex shedding

as expressed in equation (3) comprises both an excitation term Q(z, t), that represents the
periodic nature of the vortex-excited lift force and a stall term proportional to the time rate
of change of the structural displacement, with a described as the stall parameter. The stall
term has been introduced into the expression for the vortex-excited lift force to account for
the asymptotic self-limiting structural response at zero structural damping by Skop
& Balasubramanian (1997). The excitation component of the lift coe$cient Q(z, t) is taken to
satisfy a di!usive Van der Pol equation given by
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and has been shown to arise as a leading-order approximation to the vortex-shedding
instability mechanism.

In equation (4), G and F are parameters that are to be evaluated from the mass and
damping properties of the system being modeled. The r.m.s. value of the lift coe$cient for
a stationary uniform cylinder in uniform #ow is given by C

L0
and is taken to be constant

and equal to 0)28, for this Reynolds number range, following Protos et al. (1968). The
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coe$cient of the di!usive term is given by l
t
and has been termed by Skop & Balasub-

ramanian (1995) to be a turbulent kinematic viscosity. Skop & Balasubramanian (1995) and
Balasubramanian & Skop (1996) have obtained a linear relationship between the turbulent
kinematic viscosity and a parameter, b, that quanti"es the shear in the #ow. The shear
parameter is expressed in dimensionless form as

b"
D

3%&
u

S,.!9
K
du

S
dz K, (5)

where u
S,.!9

is the maximum vortex-shedding frequency along the span of the cylinder and
D

3%&
is the cylinder diameter D. The linear relationship between the shear parameter and the

turbulent kinematic viscosity was obtained by matching the cellular vortex-shedding
patterns from stationary uniform cylinders in linear shear #ows and is given by

l
t
"0)013¸2u

S,.!9
b. (6)

The evaluation of the parameters G and F is all that remains to complete the model
description. For this, the reduced mass parameter k has to be evaluated; It is de"ned as the
ratio of #uid to structural masses and is given by

k"
oD2

8n2S2m
, (7)

which, for our experiments, yields k"0)001478, based on a Strouhal number of S"0)21.
Using the experimentally measured damping ratio from Table 1, the reduced damping, S

G
,

is evaluated as S
G
"m/k"2)09. The computation of G and F follows the method employed

by Skop & Balasubramanian (1997) and they are found to be G"0)307 and F"2)67 based
on a stall parameter value of a"0)183. Equations (1) and (4) are discretized and numer-
ically integrated in time using a fourth-order Runge}Kutta technique for the excitation
range of #ow velocities. Steady-state values of the angular displacement are obtained and
converted into tip displacements A ("¸h) for comparison with the experimental data.
Details of the discretization and numerical integration are presented in Balasubramanian
& Skop (1997).

4. RESULTS AND ANALYSIS

The dynamics of a uniform pivoted cylinder undergoing vortex-excited vibrations are
presented in terms of structural amplitudes of vibration as a function of the #ow velocity
and as power spectral density plots of the near-wake velocity #uctuations during lock-in.
The results of the numerical simulations of the experiments using the coupled equations of
motion are presented and compared with the experimental results. The results for a uniform
cylinder in uniform #ow are presented "rst, followed by the uniform cylinder in shear #ow
cases.

4.1. UNIFORM CYLINDER IN UNIFORM FLOW

The study of the dynamics of a uniform pivoted cylinder undergoing vortex-excited
vibrations in a uniform approach #ow provides a reference frame to evaluate the current
experimental investigation in relation to the available experimental evidence on vortex-
excited vibrations in uniform #ow scenarios.

In the experimental investigation, the #ow velocity was increased incrementally and time
histories of displacement, acceleration and near-wake velocity #uctuations were recorded at
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each velocity. Power spectral density measurements of the near-wake velocity #uctuations
were recorded at various spanwise positions at di!erent velocities. Analysis of the time
histories of the optically measured tip displacement of the bottom of the pivoted cylinder,
A"¸h, indicates that the vortex-shedding frequency locks-on to the cylinder natural
frequency at a reduced velocity of <

r
"4)65. Here, the reduced velocity is de"ned as

<
r
"</f

n
D and f

n
is the experimentally determined natural frequency of the pivoted

uniform cylinder. The displacement time histories, shown in Figure 4, reveal that at the
onset of lock-in the cylinder response displays signi"cant amplitude modulation. This
modulation disappears as the amplitude of vibration increases with reduced velocity and
reappears when the cylinder exits lock-in at around <

r
"5)50) Amplitude modulation has

been observed and reported in other experimental investigations (Brika & Laneville 1993).
The maximum response amplitude occurs at a reduced velocity of <

r
"5)30 and correspon-

ded to a detuning ratio of 1)13 between the inherent vortex-shedding frequency and the
cylinder vibration frequency. The maximum peak-to-peak response amplitude is found to
be 2A/D"0)36. The modally scaled maximum response amplitude (Skop & Gri$n 1975) is
2 (A/D)

4#!-%$
"0)28 and compares very well with other available experimental amplitude

data and the least-squares best "t (Skop & Balasubramanian 1997). The experimentally
measured detuning ratio of 1)13 from the current experiment is approximately 10% lower
than the least-squares best "t value of 1)22 obtained from the least-squares best "t to the
detuning data in Skop & Balasubramanian (1997).

In a uniform #ow, the di!usive term in the Van der Pol oscillator drops out and results in
the lift coe$cient being a function of time alone. The coupled set of equations, equations (1)
and (4), were numerically integrated for velocities ranging from 5)00 to 8)00 m/s. The
experimentally observed response amplitudes and the numerically simulated response
amplitudes are shown in Figure 5. The experimental and model results are in good
agreement in terms of the maximum amplitude of displacement. However the reduced
velocity at which this maximum occurs is higher in the model predictions. This o!set is the
result of the di!erence in the frequency ratio used in the model and that observed in the
experiments. The numerically predicted response amplitude curve corrected for the 10%
di!erence in the frequency ratio (a corresponding 10% shift in the reduced velocity scale) is
also shown in Figure 5. The corrected curve is in very good agreement with the experi-
mental data. The numerical model predicts a slightly wider lock-in range compared to that
observed in the experiments.

As part of the experimental investigations, power spectral density (PSD) measurements of
the near-wake velocity #uctuations were recorded at various spanwise positions at di!erent
reduced velocities. The e!ect of cylinder vibration on the near-wake velocity #uctuations is
observable from these power spectral density measurements. At a reduced velocity of
<
r
"4)65, the amplitude of cylinder vibration is very small and the cylinder is on the verge

of experiencing lock-in. The experimentally recorded PSDs, as seen in Figure 6, display
peaks at the natural frequency of the cylinder over a large extent of the span. At a reduced
velocity of <

r
"4)65, the inherent vortex-shedding frequency is computed to be

f
s
"19)8 Hz, based on a Strouhal number of S"0)21. PSD peaks at this inherent vortex-

shedding frequency are seen at the pivoted end of the cylinder. The extreme sensitivity of the
near wake to small-amplitude vibrations of the cylinder is evident. Also shown in Figure 6 is
the experimentally recorded PSDs at a reduced velocity of <

r
"5)10 as a function of the

spanwise location along the cylinder. The pivoted cylinder is under lock-in at this reduced
velocity. The near-wake responds at the cylinder's natural frequency and the peaks are
sharper than at a reduced velocity of <

r
"4)65. The inherent vortex-shedding frequency of

f
s
"21)4 Hz is observable at the pivoted end. At a reduced velocity of<

r
"5)30, the cylinder

is responding close to its maximum amplitude. The PSDs of the near wake at this reduced



Figure 4. Displacement time histories of the tip displacement of a uniform cylinder in uniform #ow at di!erent
reduced velocities.

74 S. BALASUBRAMANIAN
velocity, as seen in Figure 7, indicate that vortices are being shed at the cylinder natural
frequency and the peaks of the velocity #uctuations are very sharp and are indicative of the
ampli"cation in the #uctuating lift forces due to increased energy transfer from cylinder
vibration to the near wake.

Ramberg & Gri$n (1976) have reported the existence a modal scaling of the near wake
due to vortex-excited vibrations. Skop & Balasubramanian (1997) have used the experi-
mental "ndings of Ramberg & Gri$n (1976) in the development of the #uctuating lift



Figure 5. Response amplitude of a uniform pivoted cylinder undergoing vortex-excited vibrations in an uniform
#ow: s, experimentally recorded response amplitudes *, the numerically predicted response amplitude curve;
} ) } )}, the predicted curve corrected for the di!erence in the frequency ratio between experiment and model.

VORTEX-EXCITED VIBRATIONS 75
coe$cient as a modal expansion in their model. A close inspection of the PSD data from the
current experiment indicates that the amplitudes of the peaks appear to increase with
increasing distance from the pivot, indicating a modal scaling of the wake. However, it must
be noted that to ascertain this modal scaling e!ect accurately, PSDs must be recorded at the
location in the near-wake velocity #uctuations have maximum amplitude. The current
experiments were not designed to accomplish that. Further, the e!ect of the in-#ow from the
slot on the near-wake velocity #uctuations is of unknown magnitude.

In the numerical simulations, the PSDs of the excitation component of the #uctuating lift
coe$cient Q(z, t) were computed using a Fast Fourier transform. PSDs were computed at
50 spanwise locations and are shown in Figure 7 for the case when the cylinder is
responding at its maximum amplitude. The numerically predicted PSDs are in excellent
agreement with the experimentally recorded PSDs under lock-in. The numerical model
accurately predicts the transition of the near wake from the cylinder natural frequency to
the inherent vortex-shedding frequency close to the pivot.

4.2. UNIFORM CYLINDER IN A LINEAR SHEAR FLOW

A uniform cylinder in a linear shear #ow provides for a linear variation in the vortex-
shedding frequency along the span of the cylinder. A very important feature of this variation
from the point of view of vortex-excited vibrations is that some part of the cylinder could be
under lock-in conditions over a larger velocity range than in a uniform #ow. Two variations
of the linear shear #ow over a uniform cylinder were studied. The shear #ow was oriented
such that the maximum velocity occurred at the free end of the pivoted cylinder in one of the
experiments, whereas in the other experiment, the shear screen was oriented such that the
maximum velocity occurred at the pivoted end of the cylinder.
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Figure 8. Experimentally observed response amplitudes of a uniform pivoted cylinder undergoing vortex-
excited vibrations in a linear shear #ow: s, data recorded with increasing velocity; #, data recorded with

decreasing velocity. The solid line is the numerically predicted response amplitude curve.
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4.2.1. Maximum -ow velocity at the free end

With the shear screen oriented such that the maximum velocity occurs at the bottom of the
test-section, the experimentally recorded amplitudes of vibration with increasing and
decreasing velocities are shown in Figure 8. For this case, the shear parameter is constant
and given by b"0)033. The cylinder is observed to go into lock-in at a reduced velocity of
<
r
"5)30. The reduced velocity is de"ned in terms of the velocity recorded at the pitot

position of z"0)53 m. The cylinder amplitude increases rapidly for small increases in the
reduced velocity and reaches a maximum value of 2A/D"0)35 at a reduced velocity of
<
r
"5)50. The amplitudes then decrease slowly with increasing reduced velocity until

a reduced velocity of <
r
"6)50 is reached. At this value of the reduced velocity, there is an

abrupt drop in amplitude to a value of 2A/D"0)13. With further increases in reduced
velocity, the cylinder amplitude decreases slowly until the cylinder goes out of lock-in at
a reduced velocity of <

r
"7)50.

When the reduced velocity was decreased from a value of <
r
"8)10, the cylinder displays

lock-in behavior at a reduced velocity of <
r
"7)50 and the amplitude of vibration increases

to a value of 2A/D"0)20 as the reduced velocity reaches a value of <
r
"7)10. From

a reduced velocity of 7)10 to a reduced velocity of 6)20, the displacement amplitude remains
a constant. At a reduced velocity of 6)20, the response amplitude increases abruptly to
a value of 2A/D"0)35. Further decreases in reduced velocity result in lower response
amplitudes till the cylinder "nally exits lock-in at a reduced velocity of <

r
"5)20.

The numerical modeling of the current experimental set-up was performed using the linear
best "t to the experimentally measured velocity data. The velocity pro"le was given by

<(z)"<
0
(1)0#0)88z), (8)
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where <
0

is the velocity at z"0. The natural frequency of the system was evaluated to be
f
n
"20)6 Hz and compares well with the experimentally measured natural frequency of

19)8 Hz. The numerically predicted response curve is shown in Figure 8 as a solid line. The
numerical model predicts a maximum response amplitude of 2A/D"0)35 at a reduced
velocity of <

r
"6)50) The predicted maximum response amplitude compares very well with

the experimentally measured response amplitude. The reduced velocity at which the
maximum amplitude occurs in the numerical simulations is higher compared to the
experimental results. The experimentally recorded maximum amplitudes occur at di!erent
reduced velocities depending on whether the velocity was increased or decreased through
the lock-in range. The model predicts a lock-in range of D<

r
"1)70 and is smaller than the

experimentally recorded lock-in range.
Di!erences exist in the nature of the amplitude response of the cylinder with increasing

and decreasing velocities. The primary di!erence is the reduced velocity at which the
maximum amplitude occurs. The reasons for this di!erence are not readily apparent. This
di!erence, however, adds credence to the large scatter that is observed in the compiled data
from other experiments on the frequency ratio at which the maximum response amplitude
occurs. Also, the low-amplitude secondary stable response at reduced velocities of<

r
56)00

is noteworthy. The amplitudes measured with increasing and decreasing velocities (for
<
r
56)00) di!er considerably and could be construed as evidence of response hysteresis. If

this low amplitude, stable response were to be disregarded, then there is good agreement
between the numerically predicted and experimentally observed lock-in ranges. One can
speculate that the secondary response amplitude observed in the experiments is a higher
order feature of vortex-excited vibrations in nonuniform #ow.

4.2.2. Maximum velocity at the pivoted end

Reversing the orientation of the shear screen results in the pivoted cylinder being forced by
a linear shear #ow with the maximum #ow velocity occurring at the pivoted end. For this
case, the shear parameter was evaluated to be b"0)031. The experimentally recorded
tip-displacement amplitudes of the uniform cylinder as a function of the reduced velocity
are shown in Figure 9. The nature of the experimentally recorded response curves for both
increasing and decreasing velocities are similar. In both cases, locked-in cylinder response is
between the reduced velocities of 5)30 and 6)70. The maximum recorded response amplitude
is 2A/D"0)25 and occurs at a reduced velocity of <

r
"5)90 for the increasing velocity case

and at a reduced velocity of <
r
"6)10 for the decreasing velocity case. The numerical

simulation of the current experimental setup was accomplished using a linear best "t to the
velocity pro"le given by

<(z)"<
0
(1)0!0)54z). (9)

The numerically predicted response amplitudes and the experimentally recorded re-
sponse amplitudes are in close agreement. The numerically predicted maximum response
amplitude of 2A/D"0)25 occurs at a reduced velocity of 5)80 as seen in Figure 9. The
range of lock-in predicted by the model compares very well with the experimentally
recorded range of lock-in. The forcing moment and hence the response amplitudes of the
pivoted cylinder with the maximum velocity occurring at the pivoted end are intuitively
expected to be lower than with the maximum velocity at the free end. The amplitudes
recorded in the experiments and by those predicted by the model are in line with this
intuitive argument.



Figure 9. Experimentally recorded response amplitudes of a uniform pivoted cylinder undergoing vortex-
excited vibrations in a linear shear #ow: s, data recorded with increasing velocity; #, data recorded with

decreasing velocity. The solid line is the numerically predicted response amplitude curve.
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4.3. UNIFORM CYLINDER IN A QUASILINEAR SHEAR FLOW

The experimentally measured response amplitude of the uniform cylinder due to vortex
excitation in a quasilinear shear pro"le (see Figure 1) is shown in Figure 10) In this
experiment, the maximum #ow velocity occurs at the free end of the pivoted cylinder
(z"¸). The lock-in range starts at a reduced velocity of <

r
"5)30 and the maximum

response amplitude of 2A/D"0)35 also occurs at this reduced velocity. The response
amplitudes decrease with increasing reduced velocity and the cylinder "nally exits lock-in at
a reduced velocity of <

r
+6)20) The amplitudes recorded with decreasing velocity are

consistent with the data recorded with increasing velocity.
The quasilinear shear pro"le was approximated by both a linear best "t and a bilinear

best "t to the measured velocity data. The linear best "t was given by

<(z)"<
0
(1)0#1)32z), (10)

and the bilinear best "t by

<(z)"<
0
(1)00#3)81z), z40)19,

<(z)"<
0
(1)44#1)48z), z50)19. (11)

In the experimental determination of the velocity pro"les, velocity data was recorded
only over 0)07624z40)5375 of the test-section. The best "ts to the velocity data have been
made applicable over the entire depth of the test-section (04z40)601) and may prove to
be signi"cant approximations in this case.

The numerical simulation of the response of the uniform cylinder in a quasilinear shear
#ow to vortex-excited vibrations was performed with both the linear best "t to the velocity
pro"le and the bi-linear best "t to the velocity data. The numerically predicted response



Figure 10. Peak-to-peak structural displacement of the uniform pivoted cylinder in a quasilinear shear #ow: s,
#, experimentally recorded tip displacements with increasing and decreasing velocities, respectively; } ) } )}, the
numerically predicted response curve with the velocity pro"le represented by equation (10); *, the predicted

response with equation (11).
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amplitude curve using the linear best "t is shown in Figure 10 as a dashed line. The
predicted lock-in range of 5)004<

r
47)30 is substantially larger than the experimentally

recorded lock-in range. The maximum response amplitude predicted by the model is
2A/D"0)20 and occurs at a reduced velocity of <

r
"6)50. The agreement between the

numerically predicted response amplitude curve and the experimental response amplitude is
poor. The numerical simulations performed with a bilinear best "t predict a lock-in range of
4)504<

r
46)70 and a maximum response amplitude of 2A/D"0)31 at a reduced velocity

of <
r
"6)20. The agreement between the numerical simulations and the experimental data

is better than that with a linear best "t, and the numerically predicted lock-in range is
substantially larger than the experimentally recorded lock-in range.

The bilinear velocity pro"le is a better representation of the experimentally recorded
velocity pro"le and hence does a better job of replicating the #uid loading on the pivoted
cylinder in the numerical simulations than does a linear best "t. The extreme sensitivity of
the lock-in range and the response amplitude in the numerical simulations on the velocity
pro"le used is not surprising. It can be expected that a more accurate representation of the
measured velocity pro"le would result in even better agreement between the numerical
predictions and the experimental data.

The experimentally recorded power spectral densities of the velocity #uctuations in the
near wake of the uniform cylinder in a quasilinear shear #ow are shown in Figure 11 for
prelock-in and lock-in conditions. At a reduced velocity of <

r
"4)68, the near wake is seen

to respond at its inherent vortex shedding frequency. The near-wake response is broadband
and cellular in nature. At a reduced velocity of <

r
"5)30, the cylinder is under lock-in and

the near wake responds at the cylinder natural frequency of 20)2 Hz. The broadband nature
of the PSD peaks is replaced by sharp narrow-band responses. The numerically predicted
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Figure 12. Waterfall plot of the power spectral densities of the excitation component of the #uctuating lift
coe$cient for a uniform pivoted cylinder undergoing vortex-excited vibrations in a shear #ow.
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power spectral densities of the excitation component of the lift coe$cient are shown in
Figure 12 for the uniform cylinder responding at its maximum response amplitude. The
numerically predicted PSDs display good quantitative agreement with the experimental
data.

5. CONCLUSIONS

The experimental investigations of the vortex-excited vibrations of uniform pivoted cylin-
ders in uniform and shear #ows indicate that the response amplitudes are primarily
dependent on the structural properties of the cylinder. The experimentally recorded lock-in
ranges for the uniform cylinder in the shear #ow experiments are consistently higher than in
uniform #ow experiments, indicating that the lock-in range of reduced velocities is governed
by the shear in the #ow. The experimental amplitude data for one of the shear #ow
experiments (linear shear #ow with maximum velocity at the free end) indicates the
existence of a secondary stable response and hysteretic response behavior. Experiments to
investigate the secondary stable response behavior are essential to characterize the phenom-
enon accurately.
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The equation of motion of the pivoted cylinder forced, in part, by a di!usive Van der Pol
equation representing the excitation component of the lift coe$cient due to vortex shedding
has been introduced as a successful model for vortex-excited vibrations in nonuniform #ow
"elds. The results of the numerical simulations are in good agreement with the experi-
mentally observed results for shear #ows over uniform cylinders. The model has been shown
to be successful in matching the maximum response amplitudes and the lock-in ranges.
Principal observations made from the performance of the model can be summarized as
follows.

The numerically predicted maximum response amplitudes occur at a higher reduced
velocity than that experimentally observed, except for one of the experiments. The reason
for this di!erence between the numerical model and the experiments can be attributed to the
average value of the frequency ratio that is used in the model. The frequency ratio used in
the model is obtained from data compiled from di!erent experiments and, as seen in "gure
4 in Skop & Balasubramanian (1997), show signi"cant scatter. The current experimental
data appear to con"rm the trend. The frequency ratio at which the maximum amplitude
occurs appears to be very sensitive to #ow conditions as evidenced in the current experi-
ments.

The numerically predicted response amplitude curves exhibit a sharp drop-o! after the
maximum amplitude is reached. The experimental data indicate slower fall-o! after the
maximum amplitude is reached. Reasons for this di!erence in the shape of the curves could
have their origins in the leading-order nature of the model. The di!erence in the shape of the
response curve could be due to the fact that while a di!usive Van der Pol oscillator is
capable of matching the lock-in ranges and amplitudes, it comes up short of replicating the
actual #uid-elastic instability mechanism. The numerical model is very sensitive to the shear
gradient in the #ow. The di!erences in the predicted response amplitudes with the linear
and bilinear best "ts to the quasilinear velocity data support this observation. The struc-
tural equation of motion is driven by the moment of the lift force and the amplitude of this
driving moment governs the structural response. The amplitude of this moment is largely
controlled by the value of the lift force at the free end of the cylinder. A linear best "t to the
velocity data does not accurately model the #uid loading over the free end of the cylinder,
resulting in poor agreement between the experimental and numerical results. Overall for its
elementary nature, the model provides excellent agreement with the principal features of
what essentially is a complex #uid}structure interaction problem.
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