
A numerical study of flow past a forced oscillating

cylinder

Rahil N. Valani∗ and Kerry Hourigan†

Fluids Laboratory for Aeronautical and Industrial Research (FLAIR), Department of Mechanical

and Aerospace Engineering, Monash University, Melbourne, VIC, 3800, Australia

A numerical study of flow past a cylinder oscillating transverse, inline and at 45◦ to the
incoming flow was performed at Re = 100. The forcing frequency ratio F and the forcing
amplitude ratio A∗ were varied independently first by fixing A∗ = 0.2 and varying F from 0.1
to 2.5 and then fixing F = 0.5 and varying A∗ from 0.1 to 1. Good agreement was found with
the previously established results and rich dynamic responses including quasiperiodic, PN

and chaotic responses were recorded and compared to the wake topology. Comparison of
lock-in region from purely transverse and inline oscillations showed a reduction in extent
of lock-in for a cylinder oscillating at 45◦.

Nomenclature

U Freestream velocity, m/s
D Diameter of the cylinder, m
ν Kinematic viscosity, m2/s
Re Reynolds number defined by Re = UD/ν
fvs0 Vortex shedding frequency of a fixed cylinder, Hz
fe Forcing frequency, Hz
fvs Modulated vortex shedding frequency, Hz
F Forcing ratio F = fe/fvs
A Amplitude of oscillating cylinder, m
A∗ Normalised amplitude A∗ = A/D
St Strouhal number defined by St = fvs0D/U
t Time, s
T Dimensionless time defined by T = tfe
CLrms

Root mean square lift coefficient
CDmean

Mean drag coefficient

I. Introduction

Fluid-structure interaction refers to the two way coupled interaction between a solid and a fluid when
the time scales of both fluid and solid dynamics are comparable. The motion of the structure modifies the
fluid flow at the fluid-structure interface. This modification in the fluid domain gives rise to a change in
loading applied to the solid thereby affecting its motion and giving rise to a two way coupled interaction.1

Fluid-structure interaction phenomena are realised in a wide variety of industrial problems ranging from
Offshore to Aerospace applications. Some examples include wing-wake interaction resulting into flutter in-
stability of aircraft wings, response of bridges and tall building to wind,2 Vortex Induced Vibrations (VIV)
in power transmission lines in wind and mooring lines in water.3 The phenomenon of VIV has been studied
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extensively due its vast engineering applications. A wide range of literature in available on the study of VIV
of circular cylinders, both experimentally and computationally, due to its universal shape for many appli-
cations. Moreover, many analytical models3 4 5 have also been developed over the years but a fundamental
understanding of the underlying physics is still lacking. One approach to understand the fundamental fluid
dynamics in VIV of a circular cylinder is to study the wake response and the forces acting on a cylinder
undergoing forced sinusoidal oscillations in free stream. Predictions using data from forced vibrations with a
known equation of motion have been compared with free vibrations results and there are parametric regions
where such comparison is successful and other regions where it is not accurate. Despite a large amount of
work on forced vibrations6 15 , it is still an open question whether sinusoidally forced vibration data can be
used to predict free vibrations accurately.

Williamson and Roshko8 performed a detailed analysis of flow around a transverse oscillating cylinder for
Reynolds number in the range 300 < Re < 1000 and found several vortex shedding modes including 2S,
2P and P+S. Moreover, they discovered that even when the vortex shedding pattern is not modified, the
shedding frequency is influenced by the motion of the cylinder. For a given Reynolds number, the shedding
frequency may deviate from its nominal value fvs0 and gets locked in with the forcing frequency fe when fe
is near fvs0 i.e. near F = fvs0/fe = 1. Placzek et al.9 investigated the flow around transversely oscillating
cylinder at Re = 100 by fixing the ratio of forcing amplitude A to diameter of the cylinder D to A∗ = A/D
of 0.25, 1 and 1.25 and varied the forcing frequency fe from 0.5 to 1.5. They found several locked and
unlocked responses and identified the existence vortex shedding modes such as 2S, 2P and P +S, similar to
Williamson and Roshko.8 Marzouk & Nayfeh10 investigated the forces on transversely oscillating cylinder
at Re = 500 by fixing A∗ = 0.25 and varying F from 0.5 to 2 and they discovered that inside the lock-in
region, the cylinder motion is synchronized with the vortex shedding and lift response of the cylinder is
periodic. Outside this region, they found complex lift responses consisting of periodic, quasiperiodic and
chaotic behaviour. By studying the evolution of Poincaré section with forcing frequency, they also identified
the route to chaos is a torus breakdown.

Although the phenomenon of VIV is mainly dominated by transverse oscillations, inline oscillations also
play some role in the vortex dynamics of the wake. Moreover, forced inline oscillations of a cylinder also
offers a method of active flow control of the classic Karman vortex street. A large number of studies have
been performed for inline oscillations near the lock-in region11 12 13 14 . For inline oscillations, this occurs
when the forcing frequency is twice the vortex shedding frequency because the drag force fluctuates at twice
the frequency of the lift force. During this synchronization the vortex shedding frequency from the oscillating
cylinder wake changes from its natural value to half the driving frequency i.e. fvs = fe/2 and the extent of
synchronization is found to be a function of the forcing amplitude ratio A∗. Leontini et al.15 16 performed
a detailed study of the wake states of an inline oscillating cylinder for Reynolds number in the range from
Re = 75 to Re = 250 at forcing frequency equal to the vortex shedding frequency and discovered a rich set
of dynamic responses including quasiperiodic, periodic and chaotic oscillations.

Investigations of cylinders forced to oscillate at an angle to the incoming flow have been very rare. Öngören
and Rockwell17 examined such oscillations at 45◦and 60◦. They observed several symmetric (S) and asym-
metric (AS) vortex shedding modes. T. Doi et al.18 performed a numerical study of forced combined
oscillations at 60◦at Re=80 and found two lock-in regions near F = 1 and F = 2. They found that the
first lock-in region is the same as that for a pure transversely oscillating cylinder while the second lock-in
region is reduced to 57% as that of a purely inline oscillating cylinder. They also reported that at higher
amplitudes, the wake street displays a deviation effect from the centreline.

A large variety of analytical models have been developed over the years to model the effect of an oscil-
lating cylinder on the wake . The wake oscillator model developed by Facchinetti et al.3 includes most of
the evolutions of wake oscillator models since they were first developed by Hartlen & Currie19 . They model
the fluctuating vortex sheet due to a cylinder oscillating transversely with amplitude A and frequency fe
with motion y(t) = A sin(2πfet) by a nonlinear self-excited oscillator satisfying the van der Pol equation,

q̈ + 2πSt
U

D
ε(q2 − 1)q̇ +

(
2πSt

U

D

)2

q =
α

D
ÿ (1)
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where ε is an growth rate parameter governing the damping in the equation, q(t) is a dimensionless wake
variable usually interpreted as the reduced vortex lift coefficient given by q(t) = 2CL(t)/C0

L and fvs0 is the
natural vortex shedding frequency of the fixed cylinder. The forcing on the right hand side models the effects
of the cylinder on the near wake dynamics with α representing the strength of the coupling between the
cylinder and the wake. Facchinetti et al.3 proposed a simple method to derive the values of parameters α
and ε based on experimental results of forced cylinder motion leading to α = 12 and ε = 0.3.

A systems behaviour with two independent frequencies can also be described by trajectories confined on
the surface of a torus. Here one frequency, in our case fe, is associated with the motion of the trajectories
around the larger circumference of the torus and the other frequency fvs0 is associated with the motion
around the smaller circumference of the torus. Taking a Poincaré section i.e. a slice across this torus and
studying sampling of points at which the trajectories hit the Poincaré section can help us identify the type
of dynamics taking place in the system. A quasiperiodic response will form a closed curve on the Poincaré
section, a periodic response with period-N will consist of N discrete points and a chaotic response will neither
form a closed curve nor will have a finite number of points on the Poincaré section. By studying the angular
position of the point at which the trajectories hit the Poincaré section, we can investigate the dynamics of
this system. The angular position of this iteration can be modelled by a sine circle map as follow:

φn+1 = φn + Ω− K

2π
sin(2πφn) (2)

where φn is the angular position of the nth iterate, Ω = fe/fvs is the bare winding number and K is a
nonlinear coupling parameter comparable to A∗. Due to the nonlinear coupling, the natural vortex shedding
frequency fvs0 shifts to a value fvs and we define the dressed winding number as ω = fe/fvs. For K < 1, the
iterates of the map locks onto rational values of ω. These lock-in regions are represented as Arnold tongues in
the K−ω parameter space. The width of these Arnolds tongue increases as the nonlinear coupling parameter
K increases. D. Olinger and K. Sreenivasan20 investigated the wake of a transverse oscillating cylinder at
Re = 55 and compared it with the sine circle map. They experimentally showed that the system displays
Arnolds tongues for rational frequency ratios and also approximates the devils staircase along the critical line.

In this paper we present results of flow over an cylinder undergoing transverse, inline and combined oscilla-
tions at 45◦ to the incoming flow at a fixed Reynolds number of Re = 100. We first present the numerical
formulation and the validation of our computational model. This is followed by results and discussion of
flow over a transverse, inline and combined oscillating cylinder as the forcing frequency and amplitude are
varied independently. We also analyse in detail the lock-in region near F = 1 for transverse and combined
oscillations.

II. Numerical Formulation

A

x(t)

y(t)

r(t)

f e
θU

Figure 1. Schematic of oscillating cylinder

As shown in figure 1, consider a cylinder forced to oscillate with amplitude A and frequency fe at
an angle θ to the incoming flow at uniform speed U . The motion of the cylinder can be described by
r(t) = A sin(2πfet). This motion can be decomposed into an inline and transverse direction to the incoming
flow and the motion in these directions is given by,

x(t) = A cos(θ)sin(2πfet)
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y(t) = A sin(θ)sin(2πfet)

In this study we simulate flow around an oscillating cylinder by solving the Navier-Stokes equations in a
non-inertial frame of reference attached to the cylinder. This removes the need for incorporating mesh
deformation in the simulations and removes the ambiguity of mesh resolution throughout the simulation.
To account for the accelerating frame of reference, we need to add an extra acceleration term into the in
the momentum equation of the Navier-Stokes equations. The results into the following new momentum
equations,

∂~u

∂t
+ ~u.∇~u = −∇p+

1

Re
∇2~u+ 4π2f2eAcos(θ)sin(2πfet)~i+ 4π2f2eAsin(θ)sin(2πfet)~j

where ~u is the velocity of the fluid, p is the pressure and Re is the Reynolds number. All numerical
simulations in this study were performed using the commercially available fluid solver ANSYS Fluent 16.2.
The computational domain used for the simulations is shown in figure 2. A C-type domain was selected with
a circular cylinder having diameter D = 1m. The side walls were placed at a distance 12.5D from the cylinder
to ensure that the far field boundary conditions are satisfied. The outlet was placed far enough at a distance
55D downstream from the centre of the cylinder so that the outlet has negligible influence on the flow near
the cylinder. A no slip condition was employed on the surface of the cylinder to account for the presence of
a solid cylinder. Since we are solving the equation in the cylinder frame of reference, the farfield conditions
at the inlet and the walls were modified. At the inlet and the walls we have ux = U − ẋ(t) and uy = −ẏ(t).
The outlet has a zero pressure boundary condition. The numerical simulations performed in this study were
at a fixed Reynolds number of Re = 100 and therefore the flow can be approximated as laminar and two-
dimensional. A pressure based solver with Semi-Implicit Method for Pressure-Linked Equations Consistent
(SIMPLEC) pressure velocity coupling was used for fixed cylinder simulations and Pressure-Implicit with
Splitting of Operators (PISO) was used for moving cylinder simulations. Second order methods were used
for interpolation of both pressure and momentum and a second order upwind method was used for time
advancement.

          55D

25D
Pressure
Outlet

Wall

Wall

Velocity
Inlet

(a) (b)

Figure 2. Numerical model showing (a) computational domain geometry and meshing (b) detailed mesh near
the cylinder

Two different meshes, Mesh A with 27156 nodes and Mesh B with 12923 nodes were considered for
the grid independence study and three different time step size of ∆t = 0.01, 0, 005 and 0.002 were chosen.
These results are presented in table 1. Comparing this with previously published results in table 2 we can
see that Mesh A with a time step of ∆t = 0.002 is in excellent agreement with the values presented. A
slightly different time steps were used for each simulation to capture a whole number of points in one period
of the forcing frequency that will be used later to construct Poincaré sections. The timestep used for the
simulation is determined using a two step process. Firstly, based on ∆t = 0.002 a whole number is found
using the ceiling function to get an whole number timesteps in one forcing period n = d1/0.002fee and then
the timestep is determined using ∆t = 1/nfe.

To validate the simulations for oscillating cylinder, we reproduced and compared the results of a trans-
verse oscillating cylinder at Re = 100, A∗ = 0.25 and F = 1.25 with Placzek et al.9 The results are shown
in figure 3 with the time axis nondimensionalised by T0 = 1/fe. It can be seen that the time history of lift
coefficient from present simulation is in excellent agreement with the plot from Placzek et al.9

4 of 11

American Institute of Aeronautics and Astronautics



Table 1. Grid Independence study for flow over a fixed cylinder at Re = 100

∆t CLrms CDmean

Mesh A 0.01 0.08 1.238

Mesh A 0.005 0.167 1.326

Mesh A 0.002 0.214 1.363

Mesh B 0.002 0.207 1.357

Table 2. Validation of flow over a fixed cylinder at Re = 100

CLrms CDmean St

Park et al. (1998) 0.235 1.33 0.165

Mittal (2005) 0.226 1.322 0.1644

Stalberg et al. (2006) 0.233 1.32 0.166

Posdziech & Grundmann (2007) 0.228 1.325 0.1644

Placzek et al. (2008) 0.226 1.374 0.169

Present study 0.214 1.363 0.1641
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Figure 3. Comparison of the time history of lift coefficient from (a) Placzek et al.9 with (b) present study for
flow over a transverse oscillating cylinder at Re = 100, A∗ = 0.25 and F = 1.5

III. Results and Discussion

A detailed analysis was performed for flow over a cylinder undergoing transverse, inline and combined
oscillations at θ = 45◦for Re = 100. Three different sets of simulations were performed by varying the
forcing frequency and amplitude independently followed by simulations near the lock-in region. All numerical
simulations were run until a steady state was obtained (typically T = tfe ∼ 100). The dynamic responses
were analysed using Poincaré sections there were constructed by sampling points from lift response at each
forcing period in the ĊL-CL phase plane. Any transient response was discarded so that the Poincaré section
captures the long term dynamics. The Poincaré section was then used to differentiate between quasiperiodic,
period-N (PN ) and chaotic responses.

A. Flow over a transverse oscillating cylinder

First we present the results of simulations of flow over a transverse oscillating cylinder performed at a fixed
amplitude ratio of A∗ = 0.2 and varying the forcing frequency ratio in the range 0.1 ≤ F ≤ 2.5 in intervals
of 0.1. Figure 4 shows the plot of the rms lift coefficient CLrms as a function of F along with characterisation
of the type of motion and vorticity contours. It can be seen that the CLrms

is almost constant for F < 0.8.
At F = 0.8 there is a strong decline in CLrms

where it almost reaches zero. Beyond, F = 1.1, the CLrms
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increases monotonically. The figure also show the vorticity contours for different F values. By observing the
vorticity contours we find that for F < 0.8, the vortex shedding in the wake becomes irregular downstream
of the cylinder. This irregular vortex shedding is associated with quasiperiodic response as it can be seen in
figure 4. In the region from F = 0.8 to 1.1, a regular vortex shedding pattern emerges due to lock-in between
the forced frequency and the vortex shedding frequency. This regular vortex shedding is associated with P1

periodic response. Observing the wake structure in the lock-in region, we note that near the decline in CLrms

i.e. F = 0.8, the vortex shedding take place further away from the cylinder as compared to F = 1.1 which
may explain the sudden decline in CLrms

at F = 0.8. In the region 1.2 ≤ F ≤ 1.5, this vortex street again
gains irregularity at it leaves the lock-in region. Beyond F = 1.5, the a regular vortex street is observed
but the lift response is either quasiperiodic or periodic with large N . In figure 4 we also compare the CLrms

values from present study with that of Placzek et al.9 at Re = 100 and A∗ = 0.25 calculated from their
maximum lift coefficient CLmax value using CLrms = CLmax/

√
2. The values match well in the lock-in region

but deviate for F > 1.

0 0.5 1 1.5 2 2.5
F

0

0.5

1

1.5

2

2.5

CLrms

QP
P1 (Lock-in)
P13
P14
P5
Results of Placzek et al. (2009)

Figure 4. Plot of CLrms vs F for flow over a transverse oscillating cylinder at Re = 100 and A∗ = 0.2. Results
of flow over a transverse oscillating cylinder at Re = 100 and A∗ = 0.25 by Placzek et al.9 are also shown.
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Figure 5. Time history of lift and drag coefficient, FFT of lift response and Poincaré section at A∗ = 0.2 for F = 0.7
(a,b,c) and F = 1.1 (d,e,f) for flow over a transverse oscillating cylinder at Re = 100.
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To investigate further, we looked at the time history of lift coefficient and the Poincaré sections in the
ĊL −CL phase plane by sampling the values of ĊL and CL at each forcing period. Figure 5 shows the time
history of lift CL and drag coefficient CD, Fast Fourier Transform (FFT) of the CL response and Poincaré
section along with phase portrait in ĊL − CL plane at F = 0.7 and 1.1 . At F = 0.7, a quasiperiodic
response is obtained on the Poincaré section and this is reflected in the FFT by numerous sharp peaks at
high amplitude suggesting that the dynamics are not dominated by a single frequency. At F = 1.1, a single
point is obtained on the Poincaré section indicating that the response is P1 periodic i.e. the vortex shedding
frequency is locked onto the forcing frequency. We find that this P1 periodic motion extends from F = 0.8
to 1.1 and is associated with the regularity in the vortex shedding observed at those frequencies in figure
4. The FFT for this response is dominated by a peak at F = 1 since the forcing and the vortex shedding
frequency coincide in the lock-in region. Moreover, we also identified periodic responses at higher periods as
shown in figure 4 but the wake structure of these are indistinguishable from quasiperiodic responses.

(a) A∗ = 0.1

Strong Vortex

Weak Vortex

(b) A∗ = 0.7

Figure 6. Comparison of vortex shedding at low and high amplitudes for flow over a transverse oscillating cylinder
at Re = 100 and F = 0.5

Simulations were also performed at a fixed forcing frequency ratio F = 0.5 and varying A∗ from 0.1 to
1 in steps of 0.1. Here we find the lift response of all the simulations to be quasiperiodic but a significant
change take place in the vortex shedding pattern. As shown in figure 6, at low amplitude of A∗ = 0.1 we
find a regular vortex shedding similar to that of a fixed cylinder at the same Reynolds number of Re = 100.
At higher amplitudes, A∗ = 0.7 we find a shift in the vortex shedding pattern where vortex shedding of high
intensity vortex-antivortex pair is followed by vortex shedding of low intensity vortex-antivortex pair. These
weak vortices get stretched out around the stronger vortex pair as they travel downstream and dissipate
more quickly as compared to the stronger vortices.

Figure 7. Plot of the Lock-in region in the A∗-F parameter space and it comparison with the Circle map
model, Wake oscillator model (α = 5 and ε = 0.1) and experimental results of Koopan21 . Lock-in region from
present study is shaded gray. The flow is characterised into Quasiperiodic (QP), P1 periodic and Transition.
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(a) Regular vortex shedding (b) Change in vortex shedding
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(d) Transition from P1

Figure 8. Deviation from P1 periodic to a Transition state evident by the change in wake structure for A∗ = 0.5,
F = 1.1 and F = 1.2

The wake behaviour near the lock-in region was explored in detail and compared with experimental
results and analytical models. Figure 7 shows the results of responses obtained near F = 1 with lock-in
represented by the gray region. In the lock-in region, the dynamics of lift response is characterised by P1

periodic while outside we dominantly find quasiperiodic response. Apart from quasiperiodic and locked-in
responses, we also get responses that are not locked-in as evident by the irregularity in the wake but the
Poincaré section of these states are very similar to P1 periodic response. These states are shown in figure
8. Here we see that for these transition state, instead of a single point we get a several points scattered
randomly close to each other but can be differentiated from P1 periodic response. These states are classified
as transitional in figure 7. On comparing with the experimental results of Koopman21 we see that the
boundaries of the lock-in region from present study match well with Koopman.21 The lock-in region is also
compared with the Wake Oscillator model from equation 1 and the Circle map model from equation 2. The
lock-in region boundaries corresponding to Wake oscillator model are shown using parameters α = 5 and
ε = 0.1 as they best matched the lock-in region from numerical simulations but a more detailed analysis
needs to be performed in the α-ε parameter space of the Wake oscillator model to make a more rigourous
comparison. From figure 7 we see that the Circle map model underestimates the lock-in region while the
Wake oscillator model overestimates the lock-in region for F > 1 but matches quite well with the lock-in
boundary from numerical results for F < 1. The deviation of the Circle map model from the numerical
results may be associated with its simplicity as it models the nonlinear coupling by a simple sine term that
may not capture the essential physics of the system. However, it does seem to qualitatively exhibit trends
similar to numerical simulations where the width of the lock-in region increases with A∗.

B. Flow over an inline oscillating cylinder

The flow over a cylinder oscillating inline to the incoming flow was investigated in a similar fashion. Fixing
A∗ = 0.2 and varying F from 0.1 to 2.5 in steps of 0.1 results into quasiperiodic and P2 periodic response.
As shown in figure 9, CLrms

is almost constant throughout the range of F apart from the rise in the lock-in
region that takes place near F = 2. Here also we observe an irregular vortex shedding before and after the
lock-in region associated with quasiperiodic response while a regular vortex shedding emerges in the lock-in
region giving a P2 periodic response. On comparing the CLrms values from present study with the results of
Doi et al.18 for flow over an inline oscillating cylinder at Re = 80 and A∗ = 0.14 we note that their values
are below our values which may be associated with the lower Reynolds number and amplitude ratio used in
their simulations.

Fixing the forcing frequency ratio at F = 0.5 and varying the forcing amplitude ratio from A∗ = 0.1 to
1 we find quasi-periodic response for low to moderate amplitudes while at higher amplitudes we see emer-
gence of chaos. Figure 10 shows the wake topology and the Poincaré section at A∗ = 0.7, 0.8 and 0.9. It
can be seen that at A∗ = 0.7 a quasiperiodic response is identified on the Poincaré section as evident by the
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closed curve while 4 distinct points on the Poincaré section at A∗ = 0.8 reveal a P4 periodic response. At
A∗ = 0.9 we see emergence of a chaotic response as the Poincaré section neither has a distinct set of points
nor it forms a closed curve. We also see a significant deviation in the wake structure from the Von-Karman
vortex shedding at these high amplitudes where irregular vortex shedding involving strong and weak vortices
is identified. Moreover, we do not find a significant difference in the wake structure of chaotic reponse as
compared to the quasiperiodic or P4 periodic response and more detailed analysis needs to be performed to
relate the wake structure with the response identified in the Poincaré sections.
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0.5
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2.5

CLrms

QP
P2 (Lock-in)
Results of Do et al. (2007)

Figure 9. Plot of CLrms vs F for flow over an inline oscillating cylinder at Re = 100 and A∗ = 0.2. Results of
Doi et al.18 for flow over an inline oscillating cylinder at Re = 80 and A∗ = 0.14 are also shown.
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Figure 10. Vorticity contours and Poincaré section at A∗ = 0.7, 0.8 and 0.9 and F = 0.5 for flow over an inline
oscillating cylinder at Re = 100

C. Flow over combined oscillating cylinder at 45◦

Results of simulations of flow over a cylinder oscillating at θ = 45◦ to the incoming flow is presented in this
section. Fixing A∗ = 0.2 we studying the effect of changing F on the wake structure by varying F from 0.1
to 2.5 in steps of 0.1. As shown in figure 11 we identify two lock-in regions near F = 1 and F = 2 associated
with P1 and P2 periodic responses respectively. On comparing with the lock-in regions of a purely inline
and transverse oscillating cylinder, we find that the extend of lock-in is reduced for combined oscillations
at 45◦. We also find a drop in the CLrms

at the start of the lock-in near F = 1 similar to the case of a
transverse oscillating cylinder while no significant change is realised in CLrms

near the F = 2 lock-in region.
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On observing the vorticity contours we also find a regular wake structure in the lock-in region while an
irregular wake structure is realised outside and in dominantly associated with quasiperiodic motion. On
comparing the CLrms

from present study with Do et al.18 we see that the curves from present study match
well with Do et al.18 near the F = 1 region while the curve from Do et al.18 is below the present study curve
for F ≥ 1.2 . This can be explained based on the cylinder oscillating at a greater angle from the horizontal
in the study performed by Do et al.18 Since, the cylinder from Do et al.18 is oscillating at 60◦, it has a larger
component in the transverse directions and a smaller component in the inline direction as compare to the
present study at an equal component in both the inline and the transverse direction exist at θ = 45◦. This
may result into a lower CLrms

value for lock-in region near F = 2 associated with inline oscillations.

More simulations were performed near F = 1 to investigate this lock-in region for combined oscillations.
From figure 12 it can be seen that the extent of lock-in for a cylinder oscillating at θ = 45◦is smaller
as compared to a purely transverse oscillating cylinder. Moreover, we see that outside the lock-in region
quasiperiodic response dominates at low values of A∗ while at moderate amplitude we see emergence of PN

periodic and even chaotic responses. We also observe that at higher amplitudes outside the lock-in region,
the flow response is P2 periodic as opposed to quasiperiodic response in purely transverse oscillating cylinder.
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Figure 11. Plot of CLrms vs F for flow over a cylinder oscillating at θ = 45◦at Re = 100 and A∗ = 0.2. Results
of Doi et al.18 for flow over a cylinder oscillating at θ = 60◦at Re = 80 and A∗ = 0.14 are also shown.

Figure 12. Lock-in region plot for a cylinder oscillating at θ = 45◦at Re = 100. The flow is charactersied into
Quasiperiodic (QP), period-N (PN ) and chaotic.
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IV. Conclusion

A detailed numerical study was performed for flow over a cylinder oscillating in a direction transverse,
inline and at 45◦ to the incoming flow. For a pure transverse oscillation cylinder, by varying A∗ and F
independently, several quasiperiodic and PN periodic responses were found. The P1 response was associated
with lock-in of the vortex shedding frequency to the forcing frequency and a decline in the CLrms

value
was noted in this region near F = 1. By observing the vorticity contours, a significant change in the
wake topology was also identified at higher values of A∗. Simulations performed near lock-in region were
compared with experimental results and analytical model where the boundaries of the lock-in region agreed
well with experiments and to some extent with the analytical models. Similar analysis for purely inline
oscillations revealed a rich dynamic response comprising of quasiperiodic, PN and chaotic response. Lock-in
was observed near F = 2 accompanied by a sudden rise in the CLrms

value in that region. The vorticity
contours exhibited irregular vortex shedding at higher values of A∗ but there was no distinctive feature to
distinguish chaotic response from quasiperiodic and PN based solely on the wake topology. Results of flow
over a cylinder oscillating at θ = 45◦ showed the existence of two lock-in regions near F = 1 and F = 2
and the extent of the lock-in region was reduced as compared to purely inline and transverse oscillations.
Simulations near lock-in region revealed the emergence of P2 periodic responses outside lock-in at higher A∗

values as opposed to quasiperiodic responses for a purely transverse oscillating cylinder.
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