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a b s t r a c t

Vortex-Induced Vibration (VIV) experiments were carried out with yawed cylinders. The
purpose was to investigate the validity of the Independence Principle (IP) for properly
describing the flow characteristics and the dynamics of structures subjected to oblique
flow. Five yaw angles in relation to the direction perpendicular to the free stream velocity
were tested, namely θ¼ 01; 101; 201; 301 and 451. Both the upstream and downstream
orientations were tested. The models were mounted on a leaf spring apparatus that allows
experiments with one or two degrees of freedom. The Reynolds numbers based on the
component normal to the cylinder axis fell in the interval 3� 103oReno1:5� 104. The
mass ratio parameter was mn ¼ 2:6 and the cylinder aspect ratio was L=D≈13 for all the
experiments. Time histories of displacement and hydrodynamic forces were acquired.
Considering only the component of the free stream which is normal to the cylinder axis,
the results of amplitude and force coefficients agreed reasonably well with the non-yawed
ones for yaw angles up to 201 for both one and two degrees-of-freedom experiments. This
indicates the validity of the IP for this yaw angle range. For yaw angles larger than 201, a
decrease in the maximum amplitude was observed. The decrease in the oscillation
amplitudes was related to a larger modulation in the phase shift between force and
displacement. Differences in the results for upstream and downstream were observed and
were more evident for the larger yaw angle. These differences can be associated to the
asymmetric cylinder end conditions.

& 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The flow around a fixed circular cylinder is one of the most studied problems within the fluids mechanics theme. In this
case, the adverse pressure gradient leads to flow separation and, consequently, to the formation of two free shear layers.
According to the model proposed in Gerrard (1966), the interaction between these free shear layers gives rise to the periodic
vortex shedding process with a well-defined frequency fs. A comprehensive discussion of the physics behind the flow
around a fixed cylinder and the relationship between force coefficients (and Strouhal number St) and the Reynolds number
Re can be found in the papers by Norberg (2001, 2003).

Even in the case of a fixed and non-yawed cylinder, oblique vortex shedding is also observed and accounts for the
discontinuity at the Re� St plot at low Re values, as pointed out by Williamson (1989) and Hammache and Gharib (1991).
Moreover, Williamson (1989) showed that the Strouhal curve for oblique shedding, Stα, can be collapsed onto the parallel
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shedding St0 by using St0 ¼ Stα= cos α, where α is the angle of vortex shedding. Both papers discussed the sensitivity of the
vortex shedding angle with the end conditions.

On the other hand, if the cylinder is free to oscillate, the vortex shedding process can be severely affected, as pointed out
in the reviews by Bearman (1984, 2011). Considering the problem of a rigid cylinder mounted on an elastic support with
natural frequency fN, the lock-in range is the one in which f s≈f N .

As a resonant phenomenon, Vortex-Induced Vibration (VIV) presents the highest values of amplitude (order of one
diameter) in the range of reduced velocity, VR ¼ U1=f ND (U1 is the free stream velocity and D is the structural diameter), in
which the lock-in is observed. The papers by Sarpkaya (2004), Gabbai and Benaroya (2005), and Williamson and Govardhan
(2004, 2008) represent comprehensive reviews regarding the VIV phenomenon.

Up to the 2000s, the VIV investigations were focused on the problem of a rigid cylinder assembled onto an elastic base
free to oscillate just in the direction transversal to the free stream (cross-flow direction). Defining the mass parameter as
mn ¼ms=md (ms is the structural mass and md is the mass of fluid displaced by the body) and the damping ratio

ζ¼ c=2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kðms þmaÞ

p
(c is the structural damping, k is the stiffness and ma is the potential added mass), the mass-damping

parameter mnζ characterizes not only the maximum amplitude of oscillation (see Govardhan and Williamson, 2006), but
also the aspect of the response curve.

Considering a system with low mnζ, the amplitude plot can be split into initial, upper and lower branches. Each of these
branches presents particular characteristics of amplitude/frequency of oscillation, hydrodynamic force coefficients and
vortex shedding patterns. Further details regarding these aspects can be found in Khalak and Williamson (1997, 1999).

Motivated by the new technological demands, numerous investigations with a rigid cylinder free to oscillate
simultaneously in both the in-line and cross-flow directions have been carried out. In this scenario, one of the most
striking results indicates that the in-line oscillations strongly affect the cross-flow amplitude only if mnζ is below a specific
value. This value depends on the experimental setup (see, for example, the parametric investigations carried out by
Stappenbelt and Lalji, 2008; Blevins and Coughran, 2009; Freire and Meneghini, 2010). Moreover, as pointed out by Jauvtis
and Williamson (2003, 2004) in the case of small mass ratio parameter, there is a new branch defined as super-upper
branch, characterized by a vortex pattern in which two triplets of vortex are shed in each cycle of oscillation (2T pattern).

Despite the numerous investigations regarding the flow around a non-yawed cylinder, the problem of a yawed cylinder
placed in a free stream has received much less attention. Aiming at studying this kind of flow, the most common approach is
the Independence Principle (IP). The IP states that the flow characteristics depend only on the component of the free stream
velocity normal to the cylinder axis. Herein, the yaw angle θ is defined by the cylinder axis and the direction orthogonal to
the free stream, as sketched in Fig. 1(a).

Theoretical investigations presented in Sears (1948) and Marshall (2003) stress that the IP is a bidimensional approach,
i.e., valid for a cylinder of infinite length. In this way, there are investigations aimed to check the validity of the IP. Wind
tunnel experiments with a tensioned string described in Hanson (1966) stressed that the Strouhal number curve is well
Fig. 1. Schematic representations. (a) Flow around a yawed cylinder, (b) experimental setup, (c) upstream orientation ðθo0Þ and (d) downstream
orientation ðθ40Þ.
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collapsed by using the IP for values of θ up to 681. In a similar investigation, van Atta (1968) found that the IP remains valid
for yaw angles up to θ≈351.

The experimental investigation described in Ramberg (1983) approached some aspects regarding the characteristics of
the flow around a fixed and yawed cylinder. The vortex shedding angle is very sensitive to the end conditions, and by
manipulating the end plate angles, the wake is kept parallel to the cylinder axis. Additionally, the paper stressed that the
validity of the IP is intrinsically related to the parallel vortex shedding. The flow characteristics dependence on the end
conditions, especially the upstream end, were also investigated by Hayashi and Kawamura (1995), Thakur et al. (2004),
Matsuzaki et al. (2004) and Hogan and Hall (2010, 2011). Experiments described in Shirakashi et al. (1986) pointed out that
the presence of end-plates may remove the secondary (or axial) flow.

The experimental investigation presented in Snarski (2004) pointed out the existence of three distinct flow regimes
depending on the yaw angle. For yaw angles ranging from θ¼ 01 (non-yawed cylinder) to θ≈371, the flow regime is the
classical vortex shedding pattern. In the range 371oθo681, the Strouhal vortex shedding is replaced by a regime in which
attached trailing vortexes are observable, in agreement with the previous results of flow visualization described in Thomson
and Morrison (1971) and Ramberg (1983). Finally, for yaw angles larger than 781, an axial boundary layer is observed.

The numerical investigations are also employed as a complementary approach to the experimental studies. For example,
the papers by Lucor and Karniadakis (2003) and Zhao et al. (2009) investigated the wake characteristics on the flow around
a fixed and yawed cylinder. Jordan (2010) studied the transition to turbulence inside the free shear layers.

Another aspect regarding the flow around the yawed cylinder that may be emphasized is the broadening of the spectral
distribution with the increase of θ, as pointed out by Zhou et al. (2009) and Wang et al. (2011).

Regarding the self-excited oscillations of a yawed cylinder, the experimental investigations carried out by employing
both a cantilevered cylinder (King, 1977) and a rigid cylinder elastically mounted on a one degree-of-freedom support
(Franzini et al., 2009), showed that the IP very well collapses the reduced velocities in which the lock-in is observed, despite
a slight decrease in the maximum amplitude. Experiments in a wind tunnel presented by Nakagawa et al. (1998) also
investigated the VIV on yawed cylinders with one degree of freedom, but at a much higher mass ratio parameter than the
one presented herein. Also for the one degree-of-freedom system, the experimental investigation with yaw angle θ¼ 651
described in Jain and Modarres-Sadeghi (2012) pointed out a second lock-in region.

The present paper further investigates VIV on rigid yawed cylinders, for both upstream and downstream orientations and
concerns a more detailed discussion of the results presented in Franzini et al. (2012b). Response amplitudes and frequencies,
hydrodynamic force coefficients and also the phase shift between force and displacement were evaluated for system
constrained to oscillate in one and two degrees of freedom (1-dof and 2-dof respectively).
2. Experimental arrangement and analysis methodology

The experiments were carried out at the recirculating water channel facility at NDF, University of São Paulo. The test
section has dimensions 0.70 m�0.70 m�7.5 m and can operate with low level of turbulence ð≈2%Þ in free stream velocities
up to U1 ¼ 0:40 m=s. The displacements were obtained through laser sensors LEUZE model ODSL 8/V4 and the forces were
measured by an ATI model Mini40 load cell with a resolution of 1/200 N. At the centerline, Assi et al. (2005) found a
maximum variation of 5% for the mean value of free stream velocity measured by the flow sensor when compared to the
data obtained by using a hot-wire anemometer. The typical uncertainty in the force coefficients was evaluated about 13% by
using the procedure described, for example, in Moffat (1988).

A leaf-spring elastic base was employed for both 1-dof and 2-dof experiments (see Fig. 1(b)), similar to the support
employed in the 1-dof VIV experimental investigations described by Assi et al. (2006). The apparatus here employed was
designed by using a genetic algorithm and a Finite Element Method in order to optimize its parameters for running at the
NDF experimental facility. The cylinders were made of aluminium with external diameter D¼44.4 mm.

Five yaw angles were tested, namely θ¼ 01, 101, 20, 301 and 451, where θ¼ 01 is the non-yawed case. The cylinder axis
remains at the same plane of the free stream velocity. The experiments were carried out for both upstream ðθo0Þ and
downstream orientations ðθ40Þ. Fig. 1(c) and (d) presents schematic representation of these orientations. Notice that the
upper end of the cylinder pierces the free surface, while its lower end is close to the bottom of the water channel.

For each angle of inclination, the model presented its lower edge parallel to the bottom of the channel. The gap between
them was less than 0.5D. All the experiments were carried out with mass ratio parameter mn ¼ 2:6 and very low structural
damping ζs ¼ c=2

ffiffiffiffiffiffiffiffiffi
kms

p
≈0:1%. The aspect ratio L/D (L is the wet length) was kept constant L=D≈13 for all the conditions

tested by changing the water level according to the yaw angle. The range of the Reynolds number corrected by using the IP
was 3� 103oReno1:5� 104. All the data were acquired along 180 s of steady state and with sample frequency
f sp ¼ 100 Hz.

The oscillation amplitudes were calculated by taking the average of the 10% highest peaks recorded in the time history of
displacement ynðtÞ ¼ yðtÞ=D or xnðtÞ ¼ xðtÞ=D. This procedure was also adopted by Hover et al. (1997). The frequencies of
oscillation, fdx or fdy, refer to the peak in the Power Spectrum Density (PSD) plot. Non-dimensional frequencies of oscillation
are defined as f ndx ¼ f dx=f N and f ndy ¼ f dy=f N .

The hydrodynamic forces were normalized by employing the IP; thus, only the component of the free stream velocity
normal to the cylinder axis Un ¼U1 cos θ is considered for evaluating the drag and lift coefficients, given respectively by the
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following equations:

CD;n tð Þ ¼ 2FD
ρU2

nDL
¼ 2FD

ρU2
1 cos 2 θDL

; ð1Þ

CL;n tð Þ ¼ 2FL
ρU2

nDL
¼ 2FL

ρU2
1 cos 2 θDL

: ð2Þ

The reduced velocity VR;n ¼ Un=f ND¼U1 cos θ=f ND was evaluated by considering the validity of the IP and the natural
frequency in still water fN. Throughout the experiments described herein, the free stream velocities range
0:06oU1o0:4 m=s. For the 1-dof experiments the natural frequency is f N≈0:63 Hz, independent of the yaw angle. In
the 2-dof investigation, the natural frequency lies in the interval 0:69o f No0:72 Hz.

The time series of phase shift between force and displacement in the in-line or cross-flow directions (ϕx and ϕy

respectively) was evaluated by using the Hilbert Transform Hð�Þ. F and d being the time series of force and displacement in a
given direction, the Hilbert Transform gives the instantaneous amplitude and phase, as follows:

HðdÞ ¼ aF ðtÞejϕF ðtÞ;

HðFÞ ¼ adðtÞejϕdðtÞ: ð3Þ
Thus, the time series of phase shift between force and displacement will be given simply by ϕðtÞ ¼ ϕF ðtÞ�ϕdðtÞ. It is worth

mentioning that the instantaneous phase shift between in-line and cross-flow displacements in a flexible cylinder subjected
to VIV was also investigated by Huera-Huarte and Bearman (2009). In this cited paper, the authors were interested in
defining the synchronization between the displacements in these directions. In the present investigation, the focus is the
synchronization between force and displacement. It can also be emphasized that, for a 1-dof system, Khalak and Williamson
(1999) also evaluated the instantaneous phase shift by using the Hilbert Transform and discussed the mode transition from
the upper branch to the lower branch.

3. Results and discussion

The present section is divided into four subsections. Sections 3.1 and 3.2 respectively present the results and discussion
for the yawed cylinders subjected to 1-dof and 2-dof VIV phenomena. Section 3.3 focuses on the PIV flow measurements for
both 1-dof and 2-dof experiments with yaw angles θ¼ 01 and θ¼�451. Finally, the last subsection discusses the differences
observed between the results for upstream and downstream orientations.

3.1. 1-dof results

The results of non-dimensional oscillation amplitude and frequency are shown in Fig. 2. A first aspect that can be noted is
the marked difference between the results for upstream and downstream orientations. Another clearly visible aspect is the
fact that the use of the IP in the evaluation of the reduced velocity very well corrects the lock-in range, in agreement with
the previous results described in Franzini et al. (2009).

For the upstream case, despite a slight decrease in the maximum oscillation amplitude for θ¼�301 and θ¼�451, there
is good agreement between the results of amplitude Fig. 2(a) and frequency (Fig. 2(c)) for all the angles tested in the range of
reduced velocities named initial branch ð2oVR;no4Þ and upper branch ð4oVR;no6:5Þ. Also for θ¼�301 and θ¼�451, as
the reduced velocity increases, the amplitude decreases more slowly than in the other angles, and the lower branch is not
observed.

Considering the downstream cases, a decrease in the response amplitude is observed for angles larger than θ¼ 7201.
The maximum response amplitude reaches An

y≈0:9 in the case θ¼ þ 201 and An

y≈0:6 for θ¼ þ 301 and θ¼ þ 451. Notice that
the decrease in the response amplitude is more pronounced than that observed in the results obtained from the upstream
orientation. Focusing on the analysis of the non-dimensional frequencies, shown in Fig. 2(d), the f ndy results for the θ¼ þ 451
cases are slightly higher than those from the experiments with smaller yaw angles.

Fig. 3 illustrates the differences between upstream and downstream time series of non-dimensional displacement and
the related PSD at reduced velocity VR;n≈5:9. Notice that, for the upstream orientation case, the PSD plot presents a narrower
band than the spectrum obtained from the downstream orientation case.

The results for the mean drag coefficient, as well as the r.m.s. lift coefficient, are presented in Fig. 4. As stressed, for
example, in the papers by Sarpkaya (1995), Khalak and Williamson (1999) and Franzini et al. (2012a), the presence of the
lock-in (and consequently, cylinder motion) is responsible for the increase in the force coefficients. As the IP well collapses
the range of reduced velocities in which the lock-in occurs, it represents a useful approach aiming at correcting the interval
of reduced velocity where the higher forces coefficients are observed.

Besides the correction of the range of reduced velocities, the IP very well collapses the values of the r.m.s. lift coefficient
for both upstream and downstream orientations cases, as can be found in Fig. 4(a) and (b), respectively. This result is in
agreement with that presented in Franzini et al. (2009), in spite of the differences in the experimental setups.

The use of the IP for the evaluation of the mean drag coefficient deserves a more detailed discussion. For both the
orientations, the values of CD;n decrease with the increase in the yaw angle. Notice that, for both the orientations tested, the
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Fig. 2. Non-dimensional oscillation amplitude and frequency. 1-dof experiments. (a) Amplitude – upstream, (b) amplitude – downstream, (c) frequency –

upstream and (d) erequency – downstream.
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asymptotic result from a fixed cylinder CD;n≈1 is recovered in the absence of lock-in (VR;no4 and VR;n410). The presence of
lock-in and, consequently, large oscillation amplitudes (order of 1D), increase both the mean drag coefficient and the r.m.s.
lift coefficient, as already stressed by Sarpkaya (1995) and Khalak and Williamson (1999). Owing to the differences in the
oscillation amplitudes obtained for the upstream and downstream orientations, the mean drag coefficient also depends on
the orientation.

Aiming at better understanding the relationship between the mean drag coefficient and the oscillation amplitude, Fig. 5
is plotted. Considering the upstream experiments, shown in Fig. 5(a), function CD;nðAn

yÞ follows the same trend for all the yaw
angles tested. This result indicates that the upward trend in the CD;n with the oscillation amplitude is independent of the
yaw angle. On the other hand, the results for the downstream case (Fig. 5(b)) show that this fact is not valid for the latter
orientation.

The last aspect investigated for the 1-dof experiments is the phase shift between the lift force and the cylinder
displacement. First, the analysis is carried out at reduced velocity VR;n≈5:9, corresponding to the peak of oscillation
amplitude for the non-yawed cylinder. Fig. 6 presents the time series of phase shift ϕyðtÞ and the corresponding histogram
for the cases with θ¼ 01, θ¼ 7301 and θ¼ 7451.

The time series ϕyðtÞ corresponding to the non-yawed case is shown in Fig. 6(a). The highest number of occurrences at
the histogram indicates that the phase shift is lower than 201, although some jumps to 180–2001 interval can also be
observed. Within the scope of linear systems with very low damping, the phase shift between force and displacement is null
before the resonance, with a jump of 1801 after it. The jumps observed in the time series are associated to the transition
between the upper branch and the lower branch, in good agreement with the previous findings described in Khalak and
Williamson (1999).

Before the analysis of the yawed cylinders, a more general definition should be made. In the book by Pikovsky et al.
(2001), synchronization occurs if the phase shift between two signals of the same dominant frequency remains constant
along the time. Herein, we are interested in studying the synchronization between hydrodynamic forces and displacement.
For the 1-dof system, ϕyðtÞ is the time history of phase shift between the lift force and the cross-flow displacement. Keeping
this aspect in mind, the results for the upstream orientation cases, shown in Fig. 6(b) and (d), the phase shift is almost
constant all along the time span, as in Fig. 6.
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On the other hand, the time series ϕyðtÞ for the downstream orientation experiments (see Fig. 6(c) and (e)) is much
sparser than those for the upstream case. Thus, it can be concluded that the upstream orientation experiments present a
well-defined synchronization between the force and the cylinder displacement than that observed in the downstream case.
This can explain the higher oscillation amplitudes and narrower PSD plot observed in the upstream experiments.
3.2. 2-dof results

The oscillation amplitudes and frequencies for both the cross-flow and in-line directions are presented in Figs. 7 and 8
respectively. As observed for the 1-dof experiments and discussed in Section 3.1, the IP greatly corrects the range of reduced
velocities in which the highest amplitudes are observed.

In the range 2oVR;no4, in-line oscillations with amplitudes An

x≈0:1 are observed for yaw angles up to θ¼ 7201. The
oscillation frequency for these experiments obeys the relation f dx≈2f dy. These results are in good agreement with the
previous investigation carried out with a non-yawed cylinder and presented in the paper by Jauvtis and Williamson (2004).
Still considering the same range of reduced velocities, the ratio f dx=f dy≈2 is not observed for the cases with θ¼ 7301 and
θ¼ 7451, leading to a marked decrease in the in-line oscillation amplitude.

As observed for the in-line resonance range ð2oVR;no4Þ, at the interval 4oVR;no7:5 (corresponding to the super-upper
branch of a non-yawed cylinder, in the nomenclature adopted in Jauvtis and Williamson, 2004) the oscillation amplitude
plot agrees very well for yaw angles up to 201 in both orientations. Also, notice that the in-line oscillation frequency is twice
the cross-flow one, as can be seen in Fig. 8(a) and (b).

Following the trend observed in the in-line resonance range, there is a decrease in the oscillation amplitudes in both
directions for the experiments with θ¼ 7301 and θ¼ 7451. Similar to the results for the 1-dof investigations in the
downstream orientation, the cross-flow frequencies of oscillation Fig. 8(d) for the cases with θ47201 are higher than those
for the θ¼ 01. Converse to the 1-dof results for the largest yaw angles, the cross-flow frequency of oscillation, presented in
Fig. 8(c), indicates a slight deviation from the results obtained with the non-yawed cylinder.
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The analysis of the time histories of displacement can help to better understand the differences between upstream and
downstream results. Figs. 9, 10 and 11 present, respectively, the time series for θ¼ 01, θ¼ 7301 and θ¼ 7451 at VR;n ¼ 6:2.
For the non-yawed case, both spectra are narrow banded and the f dx=f dy ¼ 2 relation is observed, despite a visible f =f N ¼ f dy
component in the in-line spectrum, but with much less energy.

Changing the yaw angle to θ¼�301, the in-line and cross-flow spectral bands are broader than those observed in the
θ¼ 01 case, but the most relevant difference is related to the fact that f dx≈f dy, despite the cross-flow oscillation amplitude
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being close to the non-yawed case. On the other hand, considering the downstream orientation experiments θ¼ þ 301
(Fig. 10(c) and (d)), the time series and related PSD plots present good agreement with the non-yawed results.

A new increase to yaw angles θ¼ 7451 reveals a marked difference of the time histories and its spectral content if
compared to the θ¼ 01 case, as can be seen in Fig. 11. The ratio f dx=f dy≈1 is observed for both orientations, the spectral bands
for the upstream condition being narrower than those for the downstream case.

Aiming at a better visualization of the effects of the yaw angle on the cylinder motion at 2-dof, Figs. 12 and 13 present the
trajectories at the ðxn; ynÞ plane for reduced velocities up to VR;n≈8 and all the conditions tested. At VR;n ¼ 3:2, there is no
distinction between the trajectories for the non-yawed cylinder or for the cylinder yawed in θ¼ 7101. Considering
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θ¼ 7201, the oscillation amplitudes are slightly lower than those for the case with θ¼ 01, but the less defined 8-shape
trajectory can be an indicative of a less defined synchronization process. The synchronization for the 2-dof experiments will
be better discussed in this section.

At VR;n ¼ 6:2, the 8-shape trajectory for θ¼ 01 and θ¼ 7101 arises from the fact that f dx≈2f dy. By increasing the yaw
angle, the trajectories are verified to become less defined and the oscillation amplitudes are decreased. Especially at yaw
angles larger than 301, the classical 8-shape is no longer observed because of the broadening of the spectral band and,
mainly, because f dx≈f dy. The analysis of this trajectory suggests modifications in the wake characteristics for yaw angles
θ¼�451. This aspect will be better discussed in Section 3.3.

At VR;n ¼ 7:5, the transition from the super-upper branch to the lower branch occurs for the non-yawed cylinder, with the
corresponding C-shape trajectory. Especially in the downstream orientation, there are marked differences among the
trajectories for θ¼ 01 and the yawed cases. Finally, at reduced velocity VR;n ¼ 8, the in-line oscillation amplitudes are
negligible for all the yaw conditions tested.

After the discussion regarding the time histories of displacement, the force coefficient plots will be discussed. Fig. 14
presents the mean drag and r.m.s. lift force coefficients for the 2-dof experiments. Similar to that observed in the 1-dof
discussion, the IP corrects the interval of reduced velocities in which the higher forces are observed because the lock-in
range is corrected very well.

The force coefficient plots for yaw angles of θ¼ 7101 and θ¼ 7201 are in good agreement with those obtained from the
non-yawed for the whole range of velocities. For these yaw angles and in the in-line resonance range, one can notice that
both the mean drag and the r.m.s. lift force coefficients present a marked amplification of their values, if compared with the
results for a fixed cylinder, despite the small in-line oscillation amplitudes. Clearly, the force amplification in the in-line
resonance range of reduced velocities is not observed for experiments with larger yaw angles, which present the asymptotic
result well known for a fixed and non-yawed cylinder CD;n≈1. More details regarding the force amplification due to the
synchronization for the non-yawed cylinders can be found in Jauvtis and Williamson (2004) and Franzini et al. (2012a).

In the range of reduced velocities 4oVR;no7:5 and for the yaw angles θ¼ 7301 and θ¼ 7451, a drastic reduction can
be noticed in the C′

L;n results when compared to those observed at small yaw angles. On the other hand, the mean drag
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coefficient values are comparable to those from the non-yawed case, despite presenting slightly lower values, in agreement
with the lower oscillations amplitudes. The analysis of the time series allows a better understanding regarding the
differences in amplitude and force coefficient observed for angles larger than 451.

Fig. 15 presents the time series of lift force coefficient for the cases with θ¼ 01; 7301; 7451 at VR;n≈6:2. In the spectrum
obtained from the non-yawed case (see Fig. 15(a)), not only the contribution of the dominant frequency f =f N≈0:87 is visible,
but also the third subharmonic f =f N≈2:6.

The time histories for the cases corresponding to θ¼ 7301 are shown in Fig. 10(a) and (c). Besides the marked
decrease in the maximum value, the broadening of the spectral content for both the dominant and the third
subharmonic frequency can be observed. Considering the time histories obtained from the θ¼ 7451 (Fig. 15(d) and (e)),
the amplitude of CL;nðtÞ is lower and the bandwidth is larger than those observed in the experiments with the cylinder
yawed in θ¼ 7301.

Similar to the approach employed for the 1-dof results, we can carry out an analysis aiming at identifying the
relationship between the mean drag coefficient and the oscillation amplitude. Fig. 16 presents the variation of the mean
drag coefficient with the cross-flow oscillation amplitude for the 2-dof results. Considering the upstream results (Fig. 16(a)),
the upward trend of CD;n with An

y being the same for all yaw angles tested, excepting the results for the in-line resonance
range ðAn

yo0:2Þ, in which the force amplification is not observed for the conditions corresponding to θ¼�301 and θ¼�451.
Notice that this result was also observed for the 1-dof system. Moreover, for the downstream orientation, the upward trend
of CD;nðAn

yÞ observed for θ¼ 01 is significantly different from that θ¼ þ 451.
The last set of results concerns the phase shift for the yaw angles θ¼ 01; θ¼ 7301; θ¼ 7451 at reduced velocity

VR;n ¼ 6:2. In the 2-dof cases, the analysis must focus not only on the phase shift between lift force and cross-flow
displacement, but also on that between the oscillatory component of the drag force and the in-line displacement.

The time histories ϕxðtÞ and ϕyðtÞ for the non-yawed experimental case are presented in Fig. 17. At reduced velocity
VR;n ¼ 6:2, there is a condition in which the dominant response is that corresponding to the super-upper branch; hence, the
in-line resonance is no longer observed and the transition to the lower branch has not occurred. Invoking again the classical
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results from the linear dynamics, the phase shifts ϕx and ϕy are expected to behave similar to that observed in a linear
system after and before the resonance, respectively. This assertion is experimentally verified because both the in-line and
cross-flow phase shifts present almost no modulation around the characteristic values ϕx≈1801 and ϕy≈01. According to the
definition by Pikovsky et al. (2001), the synchronization process at this condition is very well defined, leading to a very clear
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trajectory in the ðxn; ynÞ plane, as can be seen in Fig. 12. It is worth mentioning that the phase shift results for the non-yawed
cylinder agree with those available in the literature, for example, in Jauvtis and Williamson (2004).

Fig. 18 presents the instantaneous phase shift time histories for the cases in which the cylinder is yawed in θ¼ 7301.
The in-line phase shift ϕxðtÞ (Fig. 18(a) and (c)) shows a different behavior from that observed for the non-yawed case.
Contrary to the latter case, there are strong modulations observed for both orientations, even though the downstream case
is less modulated. In spite of the mean value matching the non-yawed condition, the instantaneous cross-flow phase shift
ϕyðtÞ, shown in Fig. 18(b) and (d), is also more modulated than that observed for the θ¼ 01 case.

The phase shifts for the θ¼ 7451 experiments are shown in Fig. 19. For both orientations, the in-line phase shifts are
found to be even more modulated than those observed in the discussion regarding the θ¼ 7301 results, as can be noted in
Fig. 19(a) and (c). The cross-flow phase shift time series, presented in Fig. 19(b) and (d), reveals an interesting aspect. The
result for the upstream case indicates a condition close to the cross-flow resonance jump (transition to the lower branch),
while the time series for the downstream case is similar to that after the resonance. As found for the non-yawed case, the
transition to the lower branch is expected to occur at reduced velocity VR;n≈7:5, thus the referred transition is anticipated
with the increase in the yaw angle. Moreover, the transition is observed at reduced velocity close to that in which the jump
from the upper branch to the lower branch occurs for the 1-dof system.

The progressive distortion of the 3f dy subharmonic in the CL;nðtÞ spectral content, combined with the anticipation of the
jump to the lower branch, indicates that the yaw angle and, consequently, the presence of axial flow, seems to change the
wake characteristics. The flow measurements described in Section 3.3 confirm this fact.

It is worth mentioning that the experimental results presented in Snarski (2004) with a fixed and yawed cylinder at
Re¼ 7:2� 103; 1:35� 104; 2:76� 104 show that there is a transition in the flow regime characterized by the Strouhal
vortex shedding to another regime characterized by attached trailing vortex at yaw angle θ≈371. Ramberg (1983) also found
this flow regime transition at a similar yaw angle θ≈301, but for smaller Reynolds numbers (160oReo1000). Thus different
flow regimes under the VIV phenomenon at yaw angles larger than 301 are similar to the previous results for a fixed
cylinder.
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3.3. Flow measurements

For the yaw conditions θ¼ 01 and θ¼�451 and at VR;n≈6:2 ðRen≈8� 103Þ, 2D flow measurements were carried out using
the same particle image velocimetry (PIV) facility described in Korkischko and Meneghini (2011). The optical system was
composed of a Nikon lens, model AF Nikkor f =1:4D with focal length 50 mm, an Imager Pro X 2 Megapixel camera and a
Quantel (Brilliant Twins) double-cavity pulsed Nd:YAG laser system (532 nm wavelength). The measurements were carried
out at a horizontal plane which was 5.5D far from the channel floor.

The water was seeded with polyamide particles about 11 μm in diameter and density close to 1030 kg/m3. As in
Korkischko and Meneghini (2011), the vector fields were calculated using the DaVis 7.2 software, employing a two-pass
windowing process with decreasing size. The fist step employed a 64�64 pixel interrogation window and the second step
concerned a correlation with a 32�32 pixel window. The sample frequency was fixed and equal to 14.8 Hz for all the
experiments, allowing obtaining a total number of 345 snapshots. The time lapse between two consecutive laser shots was
Δτ¼ 5000 μs for the non-yawed cases and Δτ¼ 4500 μs for the θ¼�451 cases. The time lapses were defined by measuring
the flow in the absence of the cylinder. In this condition, the maximum r.m.s. of the flow field is close to 5% of the mean
value. The image domains covered approximately 3 diameters in the in-line direction and 4 diameters in the cross-flow
direction.

The flow fields concern an analysis of post-processed data using the phase-average technique. The first step of this
technique consists in choosing a desired phase (snapshot) within one cycle of cylinders displacement. Herein, the desired
phase was chosen as that in which the cylinder is at the maximum cross-flow displacement. Using the sample frequency of
the PIV system and the dominant frequency of oscillation, we evaluated the corresponding snapshots in the other cycles.
At least 16 cycles of cross-flow displacement were obtained in the PIV measurements. Hence, the fields presented herein
consist of the averaged result considering the 16 identified snapshots.

Fig. 20 presents the phase-averaged vorticity fields ωz obtained by using the PIV system. The flow measurements were
carried out for both the one and two degrees of freedom.

Qualitatively, there are differences in the wake characteristics of the non-yawed cases (Fig. 20(a) and (c)) and the
θ¼�451 ones (Fig. 20(b) and (d)). For both 1-dof and 2-dof tests at θ¼�451, it can be inferred that the presence of axial
flow interferes with the interaction between the free shear layers, as can be seen in the vorticity fields presented in Fig. 20
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(b) and (d). This fact is in agreement with the paper by Matsumoto et al. (1990), which states that the effect of the axial flow
is similar to that of a splitter plate. Hence, the PIV measurements show that the IP may not be sufficient to properly describe
the flow around a yawed cylinder in θ¼�451 subjected to VIV.

3.4. Differences between upstream and downstream orientations

Considering both the 1-dof and 2-dof results discussed in the previous subsections, a difference was observed between the
results from the upstream and downstream orientations. This difference was monotonic with the increase of the yaw angle.
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As can be found in the literature, the flow around yawed and fixed cylinder is very sensitive to the end conditions of the
cylinder, especially those related to the upstream end. The flow visualizations presented in Ramberg (1983), Matsuzaki et al.
(2004) and Thakur et al. (2004) showed that the vortex shedding angle near the upstream end can be different from the
non-perturbed span. Hogan and Hall (2010, 2011) pointed out that the upstream end of the cylinder enhances the three-
dimensional aspects of the flow, with the presence of well organized coherent structures, which can affect the flow along
several diameters.

However, the present experimental condition differs from that of those works, because of the presence of two distinct
end conditions of the cylinder, since its lower end is very close to the channel floor and its upper end pierces the free
surface. In this scenario, the experiments were carried out under similar end conditions with fixed and yawed cylinders
presented in Vlachos and Telionis (2008) appear as an enlightening investigation.

According to the above paper, the wake from the cylinder yawed in the upstream orientation is more affected by the flow
developed near the bottom end than by the free surface. On the other hand, if the cylinder is yawed in the downstream
orientation, the boundary conditions are reversed. The region affected by the bottom end is confined to about one diameter
from this end, while the free surface effects are more pronounced. In the downstream orientation, Vlachos and Telionis
(2008) observed that the size of the depression formed in the free surface is larger than that from the upstream orientation.
Hence, the organization of the wake near the upper end of the cylinder and the reconnection of the vortex with the free
surface depend on the orientation of the cylinder.

Owing to the fact that the IP consists of a bidimensional approach, as pointed out by Sears (1948) and Marshall (2003), it
is expected that the higher the level of three-dimensional flow is, the weaker the validity of the IP is.

Even though the papers mentioned in this subsection concern visualizations for a fixed cylinder case, the differences
observed between the results for the upstream or downstream orientations can be caused by the asymmetric end



0 20 40 60 80 100

0

100

200

−90 −45 0 45 90 135 180 225 270
0

0.2

0.4

0.6

0.8

1

0 20 40 60 80 100

0

100

200

−90 −45 0 45 90 135 180 225 270
0

0.2

0.4

0.6

0.8

1

0 20 40 60 80 100

0

100

200

−90 −45 0 45 90 135 180 225 270
0

0.2

0.4

0.6

0.8

1

0 20 40 60 80 100

0

100

200

−90 −45 0 45 90 135 180 225 270
0

0.2

0.4

0.6

0.8

1

Fig. 18. Phase shift time series at VR;n≈6:2 and θ¼ 7301. 2-dof experiments. (a) ϕx – upstream, (b) ϕy – upstream, (c) ϕx – downstream and (d) ϕy –

downstream.

G.R. Franzini et al. / Journal of Fluids and Structures 42 (2013) 401–420 417
conditions of the cylinder. Further flow measurements, as well as numerical simulations may be useful aiming at a better
evaluation of the flow around yawed cylinders, especially the flow developed near its ends. It is worth mentioning that the
asymmetric end conditions of the cylinder may play an important role in the fluid–structure interaction problem found in
the TLP floating platform presented in Williams (2008).

The columns of this kind of structure are characterized by aspect ratio L=Do5. In this scenario, the flow-induced
vibration of this structure is characterized by the yaw angle of the columns, the low aspect ratio, the tip vortex and the
presence of free surface. Due to the typical aspect ratio values, the effects of the end conditions and, consequently, the
differences between upstream and downstream orientations, may be enhanced if compared to those investigated in
this work.

Finally, an alternative experimental setup which can be useful aiming at minimizing the differences between upstream
and downstream results is that in which a rigid and thin end-plate is attached to the upper end of the cylinder. Notice that
this new setup leads to the no-slip condition in both ends and can be better investigated in a future research project.

4. Conclusion

The VIV phenomenon was studied experimentally at a recirculating water channel using rigid and yawed cylinders
mounted on elastic base with one and two degrees of freedom, 1-dof and 2-dof respectively, as well as with very low
structural damping ζs≈0:1%, aspect ratio L=D≈13 and small mass ratio parameter, mn ¼ 2:6. The cylinders were tested in
both upstream and downstream orientations for five yaw angles, namely θ¼ 01;101;201;301 and 451, θ¼ 01 being the non-
yawed case. Oscillation amplitudes and frequencies, force coefficients and phase shift between force and motion were
acquired. Despite the numerous researches concerning the VIV on non-yawed cylinders, the problem of the VIV on yawed
cylinder has received much less attention, especially in the 2-dof case. In fact, the latter case has no results published in the
literature, at least to the authors’ knowledge.
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For 1-dof and 2-dof experiments, the Independence Principle IP was proved to be useful aiming at correcting the range of
reduced velocities in which lock-in is observed, in agreement with one degree-of-freedom previous works. On the other
hand, the oscillation amplitude decreases with the yaw angle, especially in the 2-dof cases. The increase in the yaw angle
leads to a stronger presence of an axial flow, which makes the modulations in the phase shift between force and
displacement larger, indicating a less pronounced force-displacement synchronization process. The larger the phase
modulation is, the larger the decrease in the oscillation amplitude is.

The IP was also employed in the evaluation of the drag and lift coefficients CD;n and CL;n. Considering the 1-dof
experiments, the root-mean square lift force coefficient C′

L;n matches the results of the non-yawed cylinder for both
orientations. Conversely, a marked decrease in the C′

L;n plot is observed with the increase in the yaw angle for the 2-dof
experiments. For both orientations, the mean drag coefficient CD;n decreases with the increase in the yaw angle. However,
the relationship between cross-flow amplitude and mean drag coefficient CD;nðAn

yÞ is independent of the yaw angle for the
upstream orientation.

Another effect of the presence of the axial flow is related to the spectral content of the lift force time series obtained from
the 2-dof experiments. The 3f dy subharmonic, characteristic of the super-upper branch, becomes less defined with the
increase of the yaw angle. This fact indicates that the yaw angle affects the fluid excitation and, consequently, the
wake characteristics. 2D PIV measurements confirmed that the wake characteristics for the yawed cylinder in θ¼�451 can
be significantly different from that observed at θ¼ 01 for both 1-dof and 2-dof. All the results indicate that the use of the IP
may not be sufficient to correctly describe the Vortex-Induced Vibration of yawed cylinders, especially for yaw angles larger
than 201.

For both 1-dof and 2-dof experiments, differences were observed between the upstream and downstream results. Owing
to the high wake sensitivity to the end condition, at least in the case of fixed yawed cylinders, these differences can be
associated to the asymmetric end conditions. Flow measurement experiments in other planes along the span may help to
properly explain the flow around yawed cylinders subjected to VIV.



Fig. 20. Phase-averaged out of plane vorticity field ωz (1/s). VR;n≈6:2. (a) θ¼ 01 and 1-dof, (b) θ¼�451 and 1-dof, (c) θ¼ 01 and 2-dof and (d) θ¼�451 and
2-dof.
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