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In this work, large-eddy simulation is used to study the flow around a circular cylinder undergoing streamwise

sinusoidal oscillations. This benchmark case is a first step toward studying engineering applications related to flow-

induced vibrations. Both the flow physics, which correlate the flow development with the time varying loading of the

cylinder at two different oscillation frequencies, as well as a validation of the fluid structure interaction methodology

through comparison with experimental data for the same configuration are described. With the methodology used,

large-eddy simulation based on a finite volume method capable of handling moving meshes gives force predictions

that generally agree well with experimentally measured data, both with respect to the overall flow development as

with force magnitude.

Nomenclature

αi = coefficients of the time integration scheme
A = amplitude of cylinder oscillation
βi = coefficients of the time integration scheme
Cp = pressure coefficient
Cx = force coefficient in the x direction
Cy = force coefficient in the y direction
D = cylinder diameter
D = rate-of-strain tensor
dAf = area of cell face f of ΩP
f = frequency
G = filter kernel
h0 = vertical distance from the free surface down to the center

of the cylinder
k = subgrid kinetic energy
L = length of the cylinder
l = distance to the wall
lI = integral length scale
lK = Kolmogorov microscale
lT = Taylor microscale
m = commutation error term
m = coefficient of the time integration scheme
m = commutation error term
n = normal direction
p = pressure
p0 = pressure at the outlet

Re = Reynolds number
S = viscous stress tensor
St = Strouhal number
T = oscillation period
t = time
uτ = friction velocity
v = velocity
ν = viscosity
v 0k = subgrid velocity
v 0y;PW = dimensionless velocity at the grid point closest to the

wall
νBC = subgrid wall viscosity
vc = velocity of the cylinder
νk = subgrid viscosity
vm = grid velocity
v0 = freestream velocity
v̂c = maximum velocity of the cylinder
xc = displacement of the cylinder
xP = discretization point P
yy;PW = normal distance to thewall at the grid point closest to the

wall
y� = dimensionless wall distance
Δ = filter width
Δt = time step
δVP = volume of ΩP
εt = dissipation
γ = diffusion parameter
ρ = density
τw = wall shear stress
ΩP = control volume centered around xP

I. Introduction

F LOW-induced vibrations are of great importance in many
engineering applications related to structural loads and fatigue,

vibrations, human comfort, and fatigue, as well as noise. This con-
cerns many diverse applications including ship appendages and
propellers, buildings, bridges, offshore structures, and mooring
cables. If the frequency content of the flow-induced vibrations
coincides with the resonance frequency of, e.g., a building structure,
this might have serious consequences. The most apparent
engineering objectives is, hence, to reduce the negative impact of
these flow structures to decrease unsteadywind loads of structures, to
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extend the lifetime of the construction, and to reduce signature levels
of submarines or noise levels from propellers for passenger and
crew comfort. With better knowledge of the flow physics controlling
this phenomena it might, however, also be possible to reduce
the environmental impact by using lighter, or less, material or, e.g., in
marine propeller design, to increase the efficiency of the propulsor.
Accordingly, both the significance, as well as the complexity of flow-
induced vibrations, make it an interesting and challenging subject of
research.
The objective of this study is to provide a better understanding of

these types of flows and give support in the validation of a fluid
structure interactionmethodology for complex engineering problems
based on computational fluid dynamics (CFD). Accurate predictions
of flows dominated by unsteady effects require a method that is able
to correctly represent the key physical processes involved. Resolving
all flow structures is possible for some academic cases, using direct
numerical simulation (DNS), which, however, require exceptional
computational resources, making DNS unfeasible for most engineer-
ing applications.More feasible for these types of flows are large-eddy
simulation (LES) models in which the large (energetic) scales of
motion are resolved while the effects of the small-scale turbulent
structures are modeled. Concerning approaches based on Reynolds-
averaged Navier−Stokes (RANS) equations, where one seeks the
solution to the average flowfield and all fluctuations are modeled, the
reliability can be questioned because available turbulencemodels are
developed for steady flow conditions. In principle, this excludes all
forms of hybrid RANS/LES models in which a RANS model is used
in the boundary layer as the near-wall flow is unsteady here.
The flow around an oscillating cylinder constitutes a canonical

case well suited for the understanding of unsteady loading and flow
separation around bluff bodies and has previously been studied both
experimentally [1–8] and numerically [9–11]. We will here perform
LES of the experiments carried out in [3] including streamwise
sinusoidal oscillations at two different frequency ratios, fe∕f0 �
0.44 and 1.0, where fe is the frequency by which the cylinder
oscillates, and f0 is the von Kármán shedding frequency. The
simulations will be used to describe the flow development during one
characteristic oscillation cycle, and the unsteady loading will be
compared with the experimental results. Among previously per-
formed computational studies of the case at the subharmonic
frequency ratio, fe∕f0 � 0.44, it was concluded in [9] that the two-
dimensional LES was not capable of predicting the correct load,
whereas the three-dimensional LES was sufficiently accurate to
predict the load. We start by describing the computational model and
the numerical methods used and validate our approach against
experimental and DNS data for a fixed cylinder at Re � 3900. Next,
we describe the experimental setup of the oscillating cylinder [3] and
discuss the differences between the experimental and computational
configurations. We then describe the different flow structures
developing during one characteristic oscillation cycle and discuss
how these differ at the two frequencies studied, aswell as compare the
predicted forces on the cylinder with the measured ones, prior to us
ending with some concluding remarks.

II. Computational Flow Models

The computational flow model consists of the incompressible
Navier–Stokes equations, which are extended to handle moving
grids, comprising the balance equations of mass andmomentum for a
linear viscous fluid, e.g., [12]:

∂t�v� � ∇ · �v ⊗ �v − vm�� � −∇p� ∇ · S; ∇ · v � 0 (1)

where v is the velocity, vm is the grid velocity, p is the pressure,
S � 2νD is the viscous stress tensor, D � 1

2
�∇v� ∇vT� is the rate-

of-strain tensor, and v is the viscosity.Most turbulent flows consist of
vortex filaments and sheets with characteristic scales on the order of
the Taylor and Kolmogorov scales, lT and lK , respectively, typically
being orders of magnitude smaller than the integral scales, lI . In
DNS [13] all flow scales (down to lK) are resolved making such
simulations too expensive for engineering applications. Instead LES

[14–17] in which all of the flow scales smaller than∼lT aremodeled,
thus, having weaker resolution requirements, have emerged as a
viable alternative for engineering predictions. RANSmodels [18] on
the other hand do not have any physical resolution requirement; the
properties of the turbulence model determine the grid size.

A. Large-Eddy Simulation

In LES, all scales larger than the grid spacing are resolved with a
space/time accurate algorithm, and only the effects of the small,
unresolved eddy scales need to be modeled. The LES equations are
derived from Eq. (1) by low-pass filtering using a predefined filter
kernel G � G�x;Δ� in which Δ is the filter width so that

∂t��v� � ∇ · ��v ⊗ ��v − vm�� � −∇ �p� ∇ · �ν∇�v −B� �m;

∇ · �v � m (2)

where overbars denote the low-pass filtered dependent variables.
The additional term separating Eq. (2) from Eq. (1) is the subgrid
stress tensor B � �v ⊗ v − �v ⊗ �v�, which is representing the
influence of the small, unresolved scales on the large, resolved scales,
and the commutation error terms, m � ∇ · �v ⊗ v� pI − S� −
∇ · �v ⊗ v� pI − S� and m � ∇ · �v − �∇ · v, are resulting from
changing the order between differentiation and filtering. Although
both terms contribute to the LES closure problem we here neglectm,
and focus the modeling effort on B.
Modern explicit LES closures can broadly be classified as

functional or structural models [14]. Functional models are designed
tomimic the kinetic energy cascade from large to small scales that are
considered a “universal” physical mechanism in fully developed
turbulent flows. The main effect of the energy cascade is the energy
drain at the resolved scales by the subgrid scales, εt � −B · �D. An
empirical model for εt is the use of a subgrid viscosity, νk; the
amplitude of which is calibrated to enforce the desired mean energy
cascade rate. The resulting contribution to the LES equations, Eq. (2),
then becomes B ≈ −2νk �DD. To close these models the subgrid
viscosity, νk, needs to be prescribed by a model of the form
νk � lkv 0k, where lk is the subgrid length scale, and v

0
k is the subgrid

velocity. A number of subgrid viscosity models are available [14] for
a comprehensive review including the Smagorinsky model [19], the
structure function model [20], the one equation eddy viscosity
(OEEVM) model [21], and various dynamic versions of the models
above [22,23]. Structural models, on the other hand, are designed to
retain as much as possible of the overall structure of the true subgrid
flux tensor and flux vectors. The firstmodel of this kindwas the scale-
similarity (SS) model in [24] in whichB ≈ �v ⊗ �v − ��v ⊗ ��v. Although
showing high correlations with data [25] this model is of restricted
use for LES, because it does not have enough dissipation. However,
by combining the SS model with a dissipative subgrid viscosity
model, the mixed model B ≈ �v ⊗ �v − ��v ⊗ ��v − 2νk �DD is obtained.
Based on previous experience we combine the SS term with the
OEEVM model [26], where νk − ckΔk1∕2 in which the subgrid
kinetic energy, k, is estimated by solving a separatemodeled transport
equation of the form

∂t�k� � ∇ · �k��v − vm�� � 2νkk �Dk2 � ∇ · �νk∇k� − cεk3∕2∕Δ
(3)

in which ck ≈ 0.07 and cε ≈ 1.05 are model coefficients that are
obtained by integrating the energy spectra [2].

B. Numerical Methods for Large-Eddy Simulation

Here we use OpenFOAM, [27], which is based on an unstructured
collocated finite volume method in which the discretization uses
Gauss theorem together with a multistep time-integration method
[28]. The resulting discretized mass and momentum equations,
respectively, take the form
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8><
>:

βiΔt
δVP

Σf��v · dA�n�1f � 0

Σm
i�0

�
αi��v�n�iP � βiΔt

δVP
Σf ����vf − vm� · dAf��vf� − �ν� νk�f�∇�v�fdAf�n�i

�
� −βi�∇ �p�n�iP Δt

(4)

in which vP � 1
δVP

∫ ΩPv dV defines the discrete representation of v
for each control volume ΩP concentrated around the point xP with
δVP being the control volume of ΩP; dAf being the area of the cell
face, f, of control volume ΩP; Δt being the time step; and αi and βi
being coefficients of the time integration scheme. More specifically,
the time integration is here performed by a semi-implicit second-
order two-point backward differencing scheme, where m � 2,
α0 � 0.5, α1 � −2, α2 � 1.5, β0 � β1 � 0, and β2 � 1.0, whereas
the convective fluxes, �vf, are approximated by linear interpolation
between adjacent control volumes. The velocity gradient, ∇��v�f, is
decomposed into orthogonal and nonorthogonal parts to minimize
the nonorthogonality error. Central difference approximations are
applied to the orthogonal part, whereas face interpolation of the
gradients of the dependent variables is used for the nonorthogonal
parts. A Poisson equation is used to handle the pressure–velocity
coupling, and it is solved using the pressure implicit with the splitting
of operators procedure with a modified Rhie–Chow interpolation for
cell-centered data [29]. The equations are solved sequentially with
iteration over the explicit source terms to obtain fast convergence.
When a moving or deforming computational grid is used the

temporal derivatives introduce a rate of change of the cell volume and
a mesh motion flux due to the mesh convection. The relationship
between the temporal derivative and the change in cell volume must
satisfy the space conservation law, ∂t∫ V�v� dV � ∫ S�vm · n� dS,
[30], in order to conserve mass. The change in cell volume is
calculated from the sum of the mesh motion fluxes, Σf�vm · n�f,
during the current time step rather than from the grid velocity, vm,
making it consistent with the cell volume calculation. Here, the mesh
points on the wall of the cylinder are calculated explicitly according to
the sinusoidal motion of the cylinder, and the resulting mesh
deformation is accounted for using a Laplace equation,∇ · �γ∇vm� �
0, where γ is a diffusion parameter controlling the displacements of the
grid points.

C. Wall Modeling for Large-Eddy Simulation

If the computational grid is too coarse to resolve the flow in the
wall boundary layer,which is likely to be the case inmost engineering
flows, a model must be used to account for the presence of the wall.
Such models are usually based on statistical arguments together with
themeanvelocity profiles of the viscous sublayer and the logarithmic
region [18]. The majority of these methods need the mean wall shear
stress, hτwi, to be specified, whichmay be complicated. As suggested
in [31], more versatile methods, capable of seamlessly handling
unstructured grids and complex geometries, can be developed from
the filtered boundary-layer equations. Through simplification of
these by assuming zero streamwise pressure gradient and convective
transport they integrate analytically to the logarithmic law of the
wall. This relation can be used tomodify the subgridmodel by adding
a subgrid wall viscosity, νBC, to ν on the wall, so that the effec-
tive viscosity, ν� νBC, becomes ν� νBC � τw∕�∂vy∕∂y�PW �
uτyy;PW∕v�y;PW where uτ is the friction velocity, yy;PW is the normal
distance to the wall, v�y;PW is the dimensionless velocity, and the
subscript PW denotes evaluation at the first grid point away from the
wall. This wall model can be combined with any (explicit or implicit)
subgrid model. To indicate that the wall model is used “�WM” is
added to the name of the corresponding LES subgrid.

III. Validation of the Computational Model

The computational methodology used in this study, as described
above, has been used extensively to examine a wide range of flows,
providing a reference to current capabilities. The applications
include fundamental cases, such as the Taylor–Green flow [32],
homogeneous isotropic turbulence at the different Reynolds numbers

[33], and fully developed turbulent channel flow at the friction
velocity-based Reynolds numbers between 180 and 2000 [31].
Belonging to the category of more advanced cases are the flow over a
contoured ramp [34], the flow over a surface-mounted 3-D hill [35],
the flow past torpedo-like axisymmetric hulls [36], the flow past a
prolate spheroid [37,38], flows around submarine and ship hulls
[39,40], and low-speed and high-speed reacting flows [41–43].
However, as a first step toward quantifying the accuracy of the
computational setup of the oscillating cylinder case, LES predictions
of the flow past a fixed cylinder at Re � v0D∕ν � 3900 are here
presented. Defining the case is the diameter,D � 0.0143 m, and the
freestream velocity, v0 � 4.09 m∕s. The flow is examined using
explicit LES on two different grids with the simulations summarized
in Table 1.
The computational domain, which was the same for both the fixed

and oscillating cylinder, is shown in Fig. 1a. The domain is
rectangular shaped and measures 29D in the streamwise direction,
19D in the lateral direction, and 5D in the spanwise directionwith the
cylinder horizontally centered 9.5D downstream of the inlet. The
corresponding grids are constructed using a block structured H grid
with an O grid of radius 2.5D around the cylinder, see Fig. 1b. At the
inlet, a Dirichlet condition is used for the velocity with �v − v0n, and a
zero Neumann condition is used for the pressure, where n is the
inward normal. At the outlet zero Neumann conditions are used for
the velocity and the Dirichlet condition for the pressure, �p � p0. At
the top, bottom, and sides symmetrical conditions are used whereas
no-slip conditions are applied to the cylinder. The initial condition
used was a uniform flow, and in each case the sampling was
initialized after the simulation was considered to have reached a fully
developed state corresponding to t > 29D∕v0.
In Fig. 2, the flow around a circular cylinder is shown in terms of

isosurfaces of the second invariant of the velocity gradient, revealing
the presences of a complex vortical pattern involving a wide range of
flow scales. On the top of the cylinder a shear layer enclosing
the cylinder is observed and can be seen to develop small-scale
instabilities that grow in sizewith increasing azimuthal angle. Further
downstream in the separated shear layer these instabilities merge and
subsequently roll up into the spanwise Kelvin–Helmholz (KH)
billows that dominate the near wake. However, this rollup occurs
asymmetrically with respect to the centerline of the wake suggesting
that the convective Bénard/von Kármán instability dominates the
wake dynamics. The large spanwise KH vortices are shed off
the cylinder as discrete spanwise rollers that are not connected to
the cylinder or to each other. The recirculating cylinder wake
consequently detaches periodically and is advected downstream in a
sinusoidal pattern. The shedding typically occurs with a frequency of
f0 ≈ St · v0∕D in which the Strouhal number, St, is empirically
shown to be between 0.20 and 0.22. The LES predictions presented
here exhibit a Strouhal number of St ≈ 0.21. Between pairs of
recently detached spanwise KH vortices secondary longitudinal
vortices develop in the braid regions. These longitudinal finger-like
vortices develop due to a secondary instability that occurs once the
spanwise vortices have completed their first rollup and can clearly be
seen to entwine and distort the spanwise KH vortices by exchanging
momentum and energy. This results in a distortion and weakening
of the spanwise KH vortices increasing with the distance from
the cylinder until they eventually break up and disappear. The

Table 1 Summary of validation simulations performed

Case Grid (million cells) x� y� z� Angle of separation, deg

1.1 0.6 6 2 10 92
1.2 1.2 3 1 5 90
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longitudinal vortices on the other hand gain energy although
becoming more and more distorted. Far downstream the wake is
dominated by a topologically very complicated vorticity pattern,
making it difficult to identify individual vortices.

In Fig. 3, results from the LES listed in Table 2 are presented
together with the experimental data in [44–46] and theDNS results in
[47]. In Fig. 3a, the predicted mean velocity along the centerline is
seen to be in reasonable agreement with the experimental data and
the DNS results. We note that the recirculation length is slightly
underpredicted on the coarse grid, whereas it is slightly overpredicted
on the fine grid. However, further downstream of the cylinder,
x∕D > 4, all LES predictions coincide well with experimental data.
A comparison among the predictions, the measurement data, and the
DNS results across the wake, as in Figs. 3a–3c, suggest that the
streamwise velocity profiles at x∕D � 1.06, 1.54, 2.02, 4, 7, and 10
are in good agreement with each other but with the LES resulting in a
marginally toowidewake and a slightly too long recirculation region.
Regarding the axial root mean square (rms) velocity fluctuations
in Fig. 3c we find good agreement for all cross sections. Moreover,
the pressure coefficient on the cylinder shown in Fig. 3d gives
satisfactory results for all simulations and is exceptionally good on
the fine grid.

x
y

z

Fig. 2 Perspective view of flow past a circular cylinder in steady flow at
Re � 3900 in terms of isosurfaces of the second invariant of the velocity
gradient (� − 2e4).

Fig. 3 Cylinder validation: a) mean velocity along centerline y � 0; b) streamwise velocity profiles; c) axial velocity rms fluctuations; d) pressure
coefficient on the cylinder surface.

Fig. 1 Mesh description: a) computational domain; b) mesh topology.
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IV. Oscillating Cylinder Experiments

Following the discussion in Sec. III we now turn to the flow past a
circular cylinder undergoing streamwise sinusoidal oscillations. This
casewas experimentally studied in [1–3] using the recirculating, free-
surface water channel at Lehigh University Fluid Mechanics
Laboratory in Pennsylvania. The main test section of the channel has
a width of 0.927 m, a depth of 0.610 m, and a length of 4.928 m. The
experimental apparatus consisted of a cantilevered cylinder with
lengthL � 0.311 m and diameterD � 0.0254 moriented across the
flow as seen in Fig. 4. The drag and lift forces on the cylinder were
simultaneously acquired together with the corresponding flow-
field using a strain gauge and high-image-density particle image
velocimetry (HID-PIV). Different levels of submergencewere tested,
and the cases studied were characterized by the dimensionless
excitation frequency, fe∕f0, and the ratio, h0∕D, where f0 is the von
Kármán shedding frequency, fe is the frequency by which the
cylinder oscillates, andh0 is the vertical distance from the free surface
down to the center of the cylinder. For the completely submerged

cases from which we chose the cases studied in this paper the water
depth was 0.543 m and the cylinder located at h0∕D � 11.73.
Moreover, the parameters controlling the streamwise sinusoidal
displacement of the cylinderwere kept constant, i.e.,with a frequency
of fe � 0.28 Hz and an amplitude of A � 0.96D. Then, for each
desired ratio, fe∕f0, the experimentally determined Strouhal number
of St � f0D∕v0 ≈ 0.2 is used to determine the freestream velocity,
v0. In total, 14 cases in the range of 0.37 ≤ fe ≤ 2.27 were
investigated, corresponding to 0.016 ≤ v0 ≤ 0.095 m∕s and
405 ≤ Re ≤ 2482. One remarkable case is when the cylinder
oscillates at the fundamental of the von Kármán frequency, i.e.,
fe∕f0 � 1.00. At this frequency, two different locked-on states
were experimentally observed. The first mode, having alternating
separation patterns, exhibits apparent variations in the lift force, see
Fig. 5a. The second mode, on the other hand, possesses symmetrical
separation resulting in a cancellation in the lift force and is less stable,
see Fig. 5b. Two different locked-on states are indeed also found in
the simulations performed, but the understanding of how and when
they occur and the relationship between them lie out of the scoop of
this study and for that reason only the first mode will be discussed
further.
The transient drag coefficient, Cx, and lift force coefficient, Cy, is

typically presented [1–3] using plots of force versus time, Fourier
spectra, and Lissajous curves. Here Cx and Cy are defined as Cx �
Fx∕�1∕2ρv̂2cLD� and Cy � Fy∕�1∕2ρv̂2cLD� with Fx and Fy being
the drag and lift force, respectively; ρ being the density; and v̂c �
2πfeA being the maximum velocity of the cylinder. Figure 6
illustrates an example of how the time varying forces are presented
with Cy on the vertical axis and time, t, on the horizontal axis. Out of
the 102 cycles displayed 12.5 cycles were chosen, the window
indicated by the two dashed lines, and presented using Lissajous
curves. Moreover, a more detailed investigation was performed for
fe∕f0 � 0.44 and 1.00 correlating the time varying transverse force
coefficient,Cy, with instantaneous vorticity patterns provided by the
HID-PIV.
The experimental setup differs from an idealized (computational)

configuration in a number of ways: for example the presence of
the water surface, the gravitation, and the presence of the channel
bottom. Moreover, the correct reconstruction of the sinusoidal
displacement, xc � A cos�2πfe�, becomes evidently important in
the Lissajous curves.A deviation from the real cylinder period by less
than a hundredth of a secondwill result in a growing time lag between
the displacement and the measured force. The influence of this time
lag on the shape of the Lissajous curves is apparent in the plots in
Figs. 7a and 7b, where two different frequencies are used to plot
approximately 100 cylinder oscillations during a time of 360 s.

Fig. 4 Experimental setup used in [3]. (Publishedwith the permission of
the author.)

x

y

a) b)
Fig. 5 Isosurface of the second invariant of the velocity gradient (� − 0.2) with fe∕f0 � 1.00: a) first mode and b) second mode.

Fig. 6 Time sequence, with Cy on the y axis and time, t, on the x axis [1]. (Published with the permission of the author.)

Table 2 Summary of oscillating cylinder
simulations

Case fe∕f0 Grid (million cells) y�

2.1 1.00 (1st mode) 0.6 2
2.2 1.00 (1st mode) 1.2 1
2.3 1.00 (2nd mode) 1.2 1
2.4 0.44 1.2 1
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Ongoren and Rockwell [1], Williamson and Roshko [2], and Cetiner
and Rockwell [3] stated a truly locked-on state is acquired for
fe∕f0 � 1.00. This lock-on state should be visible as persistent
curves in the Lissajous curves, which apparently is not the case in
Fig. 7a. However, by prescribing a frequency of fe � 99.9∕360 Hz a
truly locked-on state can be achieved as seen in Fig. 7b. Because the
discrepancy increases with time effort has been made to use data
from early oscillations. With the experimental results presented and
provided by Cetiner [5], in terms of time histories of Cx andCy, they
have, by the authors of this paper, been postprocessed in the same
manner as the LES results.

V. Flow Physics and Validation

Here we will discuss LES predictions of the flow around the
oscillating cylinder. Drag and lift forces from LES will be compared
with experimental data provided in [3]. In this study two grids of 0.6
and 1.2 MCells are used with the same type of boundary conditions
and topology of the computational domain as for the fixed cylinder,
see Sec. II. Moreover, the initial conditions were a uniform flow, and
each simulation needed approximately 10 oscillations to reach the
locked-on state. Because themesh is moving the diffusion term in the
dynamicmesh deformation equations is needs to be defined; here it is
set to γ � 1∕l2, where l is the distance to the wall giving little or no
mesh deformation in the cylinder near wall region. In all of the
simulations the presence of a free surface, bottomwall, and gravitation
is neglected. Moreover, the cylinder diameter and the amplitude and
frequency by which the cylinder oscillates were set according to the
corresponding experimental setup, i.e., D � 0.0254, fe � 0.28 Hz,
and A � 0.96D. Additional parameters were determined as described
in Sec. IV. In Table 2 a summary of the simulations performed is
presented. Although we have performed simulations using two
different grids we concentrate on the fine grid LES results to simplify
the discussion.
We base our discussion of the flow physics on one characteristic

oscillation for the two cases fe∕f0 � 1.00 and fe∕f0 � 0.44,
respectively. The aim is to correlate the loading of the cylinder with
phenomena observed in the flow. First, we consider case 2.2when the
cylinder oscillates at the von Kármán shedding frequency, fe∕f0 �
1.00 (first mode), as shown in Fig. 8. Following that, we continue

Fig. 7 Example of Lissajous curves emphasizing the sensitivity of these
graphs to fe: a) fe � 100∕360 Hz and b) fe � 99.9∕360 Hz.
(Experimental data provided in [3].)

e)

t/T = 0.96

f) 

a)

t/T= 0.06

x

y

b)

fe

f0

= 1.00

first mode

t/T = 0.29

c)

t/T = 0.51

d) 

t/T = 0.73

Fig. 8 Iso-surfaces of the second invariant of the velocity gradient (� − 0.2) together with plots of displacement, force coefficients and relative velocity
during one characteristic cylinder cycle of case 2.2.
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with case 2.4 when the cylinder oscillates at the subharmonic
frequencyfe∕f0 � 0.44, as shown in Fig. 9. In both cases, the flow is
visualized using isosurfaces of the second invariant of the velocity
gradient, which is representative of coherent vortex structures; the
instantaneous pressure field, p; and correlated with the normalized
displacement of the cylinder, xc; the normalized relative velocity,
�v0 − vc�∕v0; and the total drag and lift force coefficients,Cx, andCy,
respectively. Here, the velocity of the cylinder is denoted by vc. The
reduction in grid size between case 2.2 and case 2.1 results in slightly
reduced lift and drag forces but without any visible changes in the
flow physics.
For case 2.2, Fig. 8a shows the cylinder shortly after leaving its

most downstream position, whereafter it moves past the midposition
in Fig. 8b to reach the most upstream position in Fig. 8c. Next, in
Fig. 8d, the cylinder once again crosses themidposition, and finally in
Fig. 8e it ends up just prior to the turn and close to the location where
it started in Fig. 8a. In Fig. 8f, the drag and lift force coefficients are
correlated with the relative velocity and the motion of the cylinder.
Only one cylinder oscillation is considered here even though a full
cycle spans over two complete cylinder oscillations. This is sufficient
due to the alternating flowfield, which is mirrored around the
horizontal centerline. Thus, the following cylinder oscillation results
in the corresponding forces but with opposite sign in the lift force.
The drag force and the relative velocity are more or less linearly
dependent, cf., Fig. 8f, and, hence, a maximum value in the relative
velocity implies a maximum value in the drag force. At the instant

represented in Fig. 8a the relative velocity is marginally higher than
the mean relative velocity during one oscillation, and a large
collection of vortical structures can be observed behind, in front of,
and at the lower half of the cylinder. The corresponding low-pressure
region on the upper half of the cylinder results in a locally higher
velocity and a positive lift force, forcing the flow structures ahead
past the top of cylinder. From this condition, an alternating vortex
shedding originates as observed when the cylinder attains the
midpoint position in Fig. 8b.At that position, a low-pressure region at
the bottom of the cylinder combined with a large vortex sheet at the
top of the cylinder results in a minimum in the lift force. Moreover,
due to a maximum in relative velocity the drag force attains a
maximum value. In Fig. 8c the cylinder turns and starts moving with
the freestream. The observed asymmetry, with a low-pressure region
related to a vortex shed from the lower surface and a smaller vortex
developing on the upper surface of the cylinder, results in a negative
lift force. From here the cylinder moves downstream from Figs. 8c to
8d. The movement leads to an interruption in the periodic shedding
inducedwhen the cylindermoved upstream, and the vortex on the top
of the cylinder is pushed away. This, together with the internal
momentum already induced in the fluid, creates a large cloud of
small-scale vortices seen in the region close to the top of the cylinder
in Fig. 8e. The cylinder movement from the midposition in Fig. 8d
close to the most upstream position in Fig. 8e changes the lift force
from a positive to a negative value. This behavior is then repeated by
the following oscillation but mirrored in the centerline.

a)

t/T = 0.06

x

y

b) 

t/T = 0.29

fe

f0

= 0.44

c)

t/T = 0.51

d) 

t/T = 0.73

e)

t/T = 0.96

f)

Fig. 9 Iso-surfaces of the second invariant of the velocity gradient (� − 0.2) together with plots of displacement, force coefficients and relative velocity
during one characteristic cylinder cycle of case 2.4.
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In Fig. 9, the corresponding sequence is shown for the
subharmonic frequency of case 2.4. In Fig. 9a, the cylinder has just
turned and is close to its most downstream position, whereafter it
passes the midposition in Fig. 9b to reach the most upstream position
in Fig. 9c. Subsequently, in Fig. 9d, the cylinder crosses its
midposition to finally, in Fig. 9e, end up close towhere it originated in
Fig. 9a just prior to the turn. Case 2.4 does not exhibit a truly locked-
on state, which means that the cylinder oscillation shown is a sample
of a much longer cycle. One evident consequence of the lower value
of fe∕f0 is that the shape of the drag force is modified in Fig. 9f
between times a) and b) compared to Fig. 8f. The observed difference
is due to a higher shedding frequency, which enables two vortices
instead of just one to separate during the same amount of time. In
Fig. 9a, the cylinder has already started to move toward the inlet, and
as a result an alternating vortex shedding has been initiated. This is
observed as an asymmetric pressure field and a vortex that separates
at the upper part of the cylinder, resulting in a positive lift force. In
Fig. 9b, the cylinder passes the midpoint position and reaches its
maximum relative velocity and, thus, inflicts a maximum in the drag
force. In addition, the state of thevortex shedding has shifted, giving a
negative lift force as a result of a vortex shedding on the upper side of
the cylinder. In Fig. 9c, the cylinder reaches its most upstream
position, and the relative velocity once again attains its mean value.
Here, the spanwise longitudinal vortices, observed in the non-
oscillating case, are visible and so are the longitudinal finger-like
vortex structures connecting them. A relatively small lift force is the
result of an almost symmetrical shedding pattern and pressure
distribution around the cylinder. Subsequently, the cylinder starts to
move downstream into its own wake encountering a cloud of flow
structures slightly more concentrated at the top of the cylinder. The
consequences seen in Fig. 9d are a small negative lift force with
an almost symmetrical pressure distribution and a cloud of flow
structures being pushed over the top of the cylinder. Furthermore, at
this time the relative velocity of the cylinder attains a minimum,
which is reflected as a minimum also in the drag force. In Fig. 9e, the
cylinder has almost reached its most downstream position, and the
relative velocity is close to its mean value.
A convenient way of presenting the time history of the unsteady

loading is by means of Lissajous curves [48], describing the
variations of Cx and Cy vs. xca and Cy vs. Cx. Using this approach
repetitive patterns in the force response on the cylinder undergoing a
sinusoidal motion can be demonstrated. One should, however, keep
in mind the sensitivity of these plots when reconstructing the
sinusoidal displacement, xc, see Fig. 7, and the discussion in Sec. IV.
In Figs. 10 and 11we present the Lissajous curves from cases 2.2 and
2.4 with fe∕f0 � 1.00 (first mode), and fe∕f0 � 0.44, respectively.

These curves are reconstructed using 9 out of 100 oscillations from
the experiments and 9 out of 100 oscillations from the simulations.
The upper panels represent the LES predictions, and the lower panels
represent the experimental data. The primary characteristics of the
experimental force traces are, in both cases 2.2 and 2.4, well captured
by the LES computations including the general shape of the curves
and the location of zero crossings but also the magnitude of the force
components. There is also a pronounced spread in the forces similar
to the experiments, demonstrating the unsteady nature of LES.
Figure 10 presents the Lissajous curves from the LES computa-

tions (upper panels) and from the experiments (lower panels) for case
2.2 (fe∕f0 � 1.00). To facilitate the interpretation of these plots
arrows have been added between the locations corresponding to
Figs. 8b and 8c indicating the direction in time. Because the flow is
alternating, two different arrows (solid and dashed) are used where
the solid line is representing a separation at the top of the cylinder, and
the dashed line is representing a separation at the bottom of the
cylinder. The blue circle in Fig. 10 corresponds to Fig. 8a, and the red
circles correspond to Figs. 8b–8e. Comparing the predicted and
measured force distributions we find that the shapes are similar but
with small deviations primarily in the magnitude of the forces. In
general, we note that the LES underpredicts the forces by about 5%
compared to the measurements. An exception, however, is the lift
force, which gets overpredicted during the downstreammovement of
the cylinder. An interesting observation is that the spread of the
Lissajous curves are larger for Cy in the LES predictions than for
the experimental data, whereas for Cx the spread is larger in the
experimental data than in the LES predictions. Moreover, the spread
in the LES predictions is rather even throughout the cycle, whereas
for the experiments the largest spread is observed in Cx at a location
close to the midposition, cf., Figs. 10b and 10e. We also remark that
the spread in the measured drag force is dominated by a persistent
deviation between two following cycles indicated by the dashed and
solid arrow in Fig. 10e. The larger value, the solid arrow, is related to a
separation on the top of the cylinder, and the lower value corresponds
to a separation on the bottom of the cylinder. Possible explanations
for this asymmetry in the measurements and the differences between
the predicted and measured force distributions include the influence
of the free surface, gravity, the presence of the channel bottom, or an
imperfectly manufactured or mounted cylinder.
In Fig. 11 we show the Fourier spectra of the lift force coefficient,

Cy, for case 2.2. Comparing the measured and predicted spectra we
find that the location of the spectral peaks coincideverywell, that is at
f∕fe � 0.5, 1.5, 2.5, and 3.5. Two major peaks are observed at
f∕fe � 0.5 and 1.5. The peak at f∕fe � 0.5, moreover, reflects the
fact that the cycle spans over two cylinder oscillations.

Fig. 10 Lissajous curves of lift force coefficient, drag force coefficient, and cylinder displacement. LES predictions in the upper panel and experimental
data in the lower panel.
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Figure 12 presents the Lissajous curves from the LES com-
putations (upper panels) and from the experiments (lower panels)
for case 2.4 (fe∕f0 � 0.44). To facilitate the interpretation of these
plots arrows have been added between the locations corresponding to
Figs. 9b and 9c indicating the direction in time. The blue circle in
Fig. 12 corresponds to Fig. 9a, and the red circles correspond
to Figs. 9b–9e. Comparing the predicted and measured force
distributions we find that this case exhibits larger variations
over a typical cycle than in case 2.2 (fe∕f0 � 1.00) both in the
experimental data and in the LES predictions. The overall agreement
between the experiment and LES is, however, good. When
comparing the two Cy curves it is clear that all zero crossings, local
maxima, and local minima occur at approximately the same place.
The discrepancies appear to be consistent with those observed for
case 2.2, i.e., that the LES generally underpredicts the forces by about
5% compared to the measurements, whereas the predicted lift force
related to a cylinder movement upstream tends to be somewhat too
large. Moreover, the measured drag force related to a separation on
the top of the cylinder results in a difference in magnitude in the two
Cy curves; the same effect as seen for fe∕f0 � 1.00. An interesting
difference that is visible in the LES computations is the Cy curve,
which alternates, i.e., it becomes reflected about the x axis. Shown
here are only 9 out of 100 oscillations from the simulation and 9 out of
100 oscillations from the experimental trace, and the symmetry in the
simulation becomes apparent when all cycles are plotted. This does
not happen in the experiment and might be due to the completely
symmetrical nature of the simulation compared to the experiment in
which the fluid experiences different upper and lower blockage
variations.
In Fig. 13 we show the Fourier spectra of the lift force coefficient,

Cy, for case 2.4. The experimental spectra exhibits three distinct
peaks at f.fe � 1, 2, and 3. Peaks at these locations are also observed
in the spectrum from the LES prediction. However, the predicted
spectrum show three peaks centered at each of the experimentally

observed peaks. Thismight be a direct consequence of the alternating
shedding observed in the LES simulations but not described in the
experimental investigation.
Next, we will describe the creation, destruction, and movement

of the major vortices governing the flow at the two oscillation
frequencies, fe∕f0 � 1.00 (first mode) shown in Fig. 14 and 0.44
shown in Fig. 15. This is done based on the findings from the
Lissajour curves, Figs. 10 and 12, and are presented as schematic
diagrams of vortices and shear layers of the flow. The panels a), b), c),
d), e), and f) represent the times t∕T � 0.06, 0.29, 0.51, 0.73, 0.96,
and 1.06. To better keep track of where the vortices are created and
how they travel alongwith the flow each vortex and its corresponding
shear layer has been assigned with a number. Furthermore, an arrow
has been added at the center of the cylinder to represent the cylinder
velocity. Starting with fe∕f0 � 1.00 (first mode) the sequence starts
with the cylinder at the most downstream position in Fig. 14a, where
an initial development of an alternating vortex shedding is observed.
One vortex, 1, and two shear layers, one at the bottom, 3, and one
slightly larger at the top of the cylinder, 2, are visible. The vortex

Fig. 11 Fourier spectra of the lift force coefficient, Cy, experiments are

solid line, LES is dashed line.

Fig. 12 Lissajous curves of transverse force,Cy, inline force,Cx, and cylinder displacement, xc. LES predictions in upper panel and experimental data in
lower panel. Arrows indicating direction in time.

Fig. 13 Fourier spectrum of lift force coefficient, Cy, experiments are
solid line, LES is dashed line.

Fig. 14 Schematic pictures of the flow at the dimensionless frequency
number fe∕f0 � 1.00 (first mode) at times t∕T � 0.06, 0.29, 0.51, 0.73,
0.96, and 1.06.
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breaks up as it collides with the cylinder moving upstream, and the
momentum from the vortex is transferred to the shear layer forming at
the cylinder surface. The larger shear layer, 2, subsequently develops
into a clockwise oriented vortex, which is visible downstream of the
cylinder in Fig. 14b. In Fig. 14b, the two vortex sheets are still visible
and are later on seen to develop into one vortex each. The first vortex,
3, at the bottom of the cylinder in Fig. 14c, moves with the freestream
until it is caught up and totally diminished by the momentum of the
cylinder between Figs. 14d and 14e. The second vortex, 4, is pushed
away and passes over the cylinder out of frame in Fig. 14d. The
acceleration of the cylinder downstream in Figs. 14c–14e creates a
shear layer on the upper side that subsequently results in a small
vortex, 1*. This smaller vortex, 1*, corresponds to the vortex, 1,
visible in Fig. 14a, which in turn originates from the preceding
downstream movement of the cylinder.
In Fig. 15, the corresponding schematic diagrams at fe∕f0 � 0.44

are shown. In the first panel, Fig. 15a, the flowfield upstream and
close to the cylinder mimics the underlying conditions that give
rise to the alternating vortex shedding governing the von Kármán
vortex street; one shear layer, 1, on the top of the cylinder with a
corresponding vortex, 1, and one shear layer, 2, on the bottom of the
cylinder. In Fig. 15b, a second vortex, 2, can be observed this time by
shed from the shear layer, 2, at the lower part of the cylinder. The two
vortices, both visible in Fig. 15b, move downstream and out of the
picture in Fig. 15c.During the same time a third vortex, 3, is produced
on the top of the cylinder, and due to the slowing down of the cylinder
it is forced downbehind it. In Fig. 15d, the third vortex, 3, has collided
with and been scattered by the cylinder, and no apparent vortices are
to be found. Prior to the turn, Fig. 15e, two new vortex sheets are
developed: one, 1*, on the top with a corresponding vortex, 1*, and a
second one, 2*, on the bottom of the cylinder. In Fig. 15f, similar
conditions as in Fig. 15a have been reached representing the same
location in the cylinder oscillation period as Fig. 15a.

VI. Conclusions

In this study large-eddy simulation (LES) was performed of the
flow past a circular cylinder undergoing streamwise sinusoidal
oscillations. The objectives of this investigation are to elucidate the
flow physics involved in flow-induced vibrations and to study the
predictive capabilities of LES for such flows, thereby, giving support
in the validation of a fluid structure interaction methodology for
complex engineering problems based on computational fluid
dynamics (CFD). This is motivated by an increasing interest in
reducing, e.g., unsteady loads of structures, the signature levels of
navy vessels or noise levels from the propeller for passenger and crew
comfort or to extend the lifetime of the construction, thus, giving a
necessity of the tools able to predict these flows.
The flow around an oscillating cylinder was chosen as a first

benchmark case due to the availability of high-quality experimental
data and a simple geometrical body and well-defined motion. The
experiments were obtained with a cantilevered cylinder in the
free-surface water channel at Lehigh University Fluid Mechanics
Laboratory. This flow exhibits many of the important flow
phenomena, such as a von Kármán vortex street, Kelvin–Helmholtz
instabilities, and the constantly changing relative velocity due to the
oscillation, which results in a rich blend of vortices of different size.
However, prior to the oscillating cylinder computations, the flow

around a fixed cylinder was investigated using LES and validated
against experimental data and a direct numerical simulation (DNS).
The LES results, both for the fixed and the oscillating cylinder,

agree well with experimental data and, in the case of the fixed
cylinder, previous LES and DNS predictions. By summarizing the
predictions of the oscillating cylinder case a good agreement is seen
with experimental drag and lift forces concerning both the general
shape of the Lissajous curves used to describe the force variation, as
well as the magnitude of these forces. This holds for both frequencies
investigated, fe∕f0 � 1.00 and fe∕f0 � 0.44. However, in the first
case of oscillation at the fundamental frequency, fe∕f0 � 1.00, a
larger spread was observed in the predicted lift force compared
with the experimental, whereas for the drag force the experiments
exhibited a larger spread. In the case of oscillation at the subharmonic
frequency, fe∕f0 � 0.44, an alternation was found of the locked-on
state in the simulations. In other words, the vortex-separation pattern
could shift completely, e.g., a repetitive separation originating from
the top of the cylinder would after a few oscillations occur instead
at the bottom, which is something that is not observed in the
experimental data. It is believed that the alternation is due to
the completely symmetrical nature of the simulation, whereas the
experimental configuration includes some asymmetries due to e.g.,
gravitation.At both frequencies an apparent correlationwas observed
between extremum in the lift force and vortex separation.
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