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a b s t r a c t

The fluid force coefficients on a transversely oscillating cylinder are calculated by applying two-

dimensional large eddy simulation method. Considering the ‘‘jump’’ phenomenon of the amplitude of

lift coefficient is harmful to the security of the submarine slender structures, the characteristics of this

‘‘jump’’ are dissertated concretely. By comparing with experiment results, we establish a numerical

model for predicting the jump of lift force on an oscillating cylinder, providing consultation for revising

the hydrodynamic parameters and checking the fatigue life scale design of submarine slender

cylindrical structures.

& 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The alternating lift force induced by periodic vortex shedding
from submarine structures can evidently diminish their fatigue
life. A large amount of experiments have focused on this problem
(Sarpkaya, 1978, 1995; Staubli, 1983; Gopalkrishnan, 1993;
Govardhan and Wiliamson, 2000; Carberry et al., 2005). It is
found that an abrupt change will present in amplitude and phase
of the fluid forces, especially the lift force, as the frequency fe of a
transversely oscillating circular cylinder is close to the Strouhal
frequency f0 of a fixed cylinder. According to the observation in
experiments, the jump in phase of lift and drag at transition is
relatively independent of the two variables: oscillation frequency
and Reynolds number, while the jump in magnitude of lift force
depends on both variables. The jump in lift force can induce
variation of the stress states which would reduce the lifespan
of submarine structures such as free spanning pipelines, anchor
chains, riser and so on. Thus the effect of those parameters on lift
force is a key issue for scientists and engineers.

Some numerical studies have been accumulated for the last
over-10 years. (Lu and Dalton, 1996) investigated the vortex
shedding from a transversely oscillating circular cylinder in a
uniform flow by solving two dimensional unsteady N–S equations
with three Reynolds numbers: 185, 500 and 1000. The primitive-
variable formulation and a staggered grid, spaced in the
circumferential direction uniformly and stretched in the radial
direction exponentially, are employed for computing the flow
field. Anagnostopoulos (2000) dealt with the problem using
finite element method and found corresponding changes in the
hydrodynamic forces and the parameters of the wake geometry.
ll rights reserved.
Leontini et al. (2005) performed a two-dimensional simulation at
a Reynolds number of 200 and employed spectral-element
method for two cases: an elastically mounted cylinder and an
externally driven oscillating cylinder. The results showed that the
driven oscillating system is highly sensitive to the amplitude and
frequency of oscillation. Jamal and Dalton (2005) investigated the
difference of phase angles of fluid forces in forced and self-excited
oscillations of a circular cylinder at Re=8000 applying a 2D LES
method. His calculation indicates the LES is able to simulate the
complex wake modes downwards the oscillating cylinder such as
2P, 2S and P+S. Kaiktsis et al. (2007) considered a harmonic
oscillating cylinder in the direction perpendicular to a uniform
flow by solving the two dimensional Navier–Stokes equation at
Re=400. Qualitative differences are found between the results of
the below resonance and the resonant or above resonance forcing.

In this paper, a novel optimized mesh configuration is used to
perform a large eddy simulation for simulating the force states of
a transversely oscillating cylinder in a range of moderate Reynolds
numbers. Some satisfactory results are obtained by comparison
with the former experimental data by Carberry et al. (2005).
Analysis of the results with respect to a free spanning pipeline
provides more and significant cognition of the hydrodynamic
forces acting on the submarine structures. Based on the correct
results obtained from the computational model, this numerical
lift jump model can be valid to predict the variation of lift force
jump within a certain range of Reynolds number as the referred
experiment, which is a beneficial complementarity for the present
ocean engineering structure code of design and assessment.
2. Numerical model

We consider the case of a circular cylinder undergoing a
sinusoidal oscillation perpendicular to the uniform approach flow
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(Fig. 1). The displacement equation of the cylinder is given as

~y ¼ A sinð2pfetÞ ð1Þ

where A is the amplitude and set a constant value of 0.5D in our
study, D is the diameter of the cylinder, fe is the oscillation
frequency and the variable t denotes time.

Assuming the approach flow as incompressible and viscous,
the stream function w is governed by the Poisson equation:

r2c¼�o ð2Þ

and the two-dimensional vorticity equation is written as
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Fig. 1. Sketch of the cylinder motion.

Fig. 2. Mesh skeleton and configuration of the computational domain: (a) mesh skeleto

around the cylinder of the test mesh; 1, near cylinder region, 2, inner zone, 3, outer zo
coefficient of fluid, ttð ¼ ðCsDÞ2
ffiffiffiffiffiffiffiffiffiffiffiffi
2SijSij

p
Þ, defined by Smagorinsky

subgrid scale mode, is the turbulence eddy viscosity coefficient,
where CsD is the mixed length, Cs the Smagorinsky constant
(Zhang et al., 2008), D the scale of filter and Sij the tensor of strain
rate.

The diameter of the cylinder D and the velocity of incoming
flow UN are designated to be the characteristic variables. Then the
dimensionless governing equation can be written as
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where t=tUN/R, dimensionless time; Re=UNR/t and Ret=UNR/tt.
Owing to the oscillation of cylinder, the dynamic mesh

technique is applied to the process of computation. The optimal
mesh configuration of the computational domain is finally
determined by several numerical testing as shown in Fig. 2a and
b. In order to indicate the superiority of the final optimized mesh
configuration, the mesh configuration of a testing model is shown
in Fig. 2c as comparison. The grid partition near the cylinder of the
final mesh is different from the testing one (Fig. 2c). The grid type
of the testing model outside the cylinder is completely
nonstructural triangle cell, which can be deforming with the
motion of the cylinder wall. In the final model, the computational
domain is divided into three sub-regions according to different
mesh principles. The first sub-region is near-cylinder region,
which has the same motion style as the cylinder boundary. This
region is constituted by quadrangular structural grid. The relative
locations of the nodes are invariable. The second one around the
near-cylinder region with triangular nonstructural grid is called
‘‘inner zone’’, which would be deformed or remeshed due to the
motion of cylinder and near-cylinder region. Outside the inner
zone, it is the outer zone, whose elements are quadrangular
structural and ametabolic. The application of dynamic mesh
technique includes two steps: spring smoothing and local
remeshing. The borders of cells in the inner zone may be
stretched or compressed like springs when the cylinder is
n of the final model, (b) details around the cylinder of the final mesh and (c) details

ne.
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oscillating. Three limens: the maximum cell skewness, the
minimum and the maximum cell area are predefined to
determine the cells whether to be stretched, compressed
subsequently or remeshed drastically.

In the computational domain, the left-hand inflow boundary
is assumed to have a uniform velocity according to the flow
Reynolds number. The upper and bottom boundaries are the same
as the left-hand inflow boundary. The right-hand boundary is set
to be pressure out-let, for which a zero-derivative continuative
boundary condition is used. The cylinder surface is assumed to be
non-slip and hydraulically smooth.
Fig. 3. (a) The frequency spectrogram of the original lift signal. (b) The original lift

signal and the filtered signal.
3. Results and discussions

In order to enhance the computational precision and to obtain
the optimal mesh configuration, we take the experimental results
of (Carberry et al., 2005) as references. The cases we calculated are
divided into three groups according to different Reynolds
numbers, in which 2300, 4410 and 9100 are the same as the
related experiments. In each case, the oscillation amplitude of
cylinder is constant. The frequency ratio a (fe/f0) in each group is
different according to different sensitivity to the emergence of
the force jump phenomenon during the computation process
(Table 1).

3.1. Data post-processing

The time history of lift coefficient acting on the cylinder can
be ultimately obtained. It is composed by componential signals
with different frequencies. In order to study the property of the
lift clearly, Fourier analysis should be adopted. Fig. 3a is the
frequency spectrogram of the lift signal in a specified case whose
Reynolds number is 2300. The horizontal axis is the frequency
range of lift, while the vertical axis is the corresponding
amplitude. The primary peak appears at the location of the
oscillation frequency fe, while the frequency ratio a is 1.086. It
means that the Strouhal frequency f0 is very close to fe, which can
be regarded as a ‘‘synchronization’’ phenomenon. In the study by
Carberry et al. (2005), the wake is ‘‘locked on’’ to the cylinder
oscillation and the dominant frequency in the lift forces is also fe.
Moreover, it is found that in all cases the correlation of the lift
signal obtained from experiment with a sinusoid is greater than
0.6. Thus, the lift force can be approximated by a sinusoidal
function of the form

LiftðtÞ � 0:5rU2DLCLðtÞ ¼ rU2DLCL sinð2pfetþfliftÞ ð5Þ

where CL(t) is the fluctuating lift force coefficient, CL the
amplitude of the lift component with the frequency fe and flift
Table 1
The cases calculated with different parameters.

Re 2300 4410 9100

A/D 0.5 0.5 0.5

0.5 0.6 0.6

0.6 0.8 0.8

0.7 0.85 0.85

0.8 0.9 0.9

a 0.825 0.95 0.95

0.85 1 1

0.9 1.2 1.2

0.95

1

1.2
the phase delay with respect to the cylinder’s displacement.
The subsequent analysis of the lift jump phenomenon is based on
this definition of CL. In order to compare with the experimental
data, a narrow band filtering should be carried out to separate the
dominant lift component with the frequency of fe. The solid line in
Fig. 3b is the history of lift component with the dimensionless
frequency between 1.08 and 1.09. It will be seen that the
amplitude of the lift signal is more stable with the application
of the filtering process. It is more convenient for the farther
analysis. Thus, the lift force can be approximated by a sinusoidal
function as formula (5).
3.2. Optimal mesh configuration

Using the same filtering process, the lift coefficient corre-
sponding to the frequency fe of each case can be obtained. Results
of a testing model with nonstructural mesh near the cylinder wall
(Fig. 2c) are shown together with the ones of the final model in
Fig. 4. Results of the final model and a testing one.
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Fig. 4. The vertical axis is the normalized lift coefficient which is
defined as

b¼ CL=CLC ð6Þ

It indicates the range of lift coefficient before and after the
jump. CLC is the last lift coefficient at the low-frequency state
when a increases at the critical frequency just before lift jump.
The scenario of lift jump phenomenon, which is characterized by
the abrupt increase of the lift amplitude, is calculated in the final
computational model with the similar parameters of CLC and b as
the experiment by Carberry et al. (2005).

The mesh configuration of the final model, through our
computation testing, has at least two merits. First, it is more
precise for the near cylinder flow calculation, which is essential
for calculating the fluid forces. For the testing mesh, because the
mesh near the cylinder wall would be redrawn at every time step
and the relative locations of the first row of nodes to the wall are
randomly distributed, the computational precision of boundary
layer and its separation, even the weak flow adhering to the wall
cannot be preserved. As a result of the complicated relation
between jump transition and the wake mode, only guaranteeing
the accuracy and precision of flow field calculation can capture
the phenomenon of lift jump identical with the experimental
measurements. Second, the final model is more time saving.
While the dynamic mesh is carried out in the inner zone in which
grid size are mostly ten times larger than those near cylinder, a
larger time step can be chosen. For 200 dimensionless time
history, the final model can save about 70% of the machine time
than testing model.

Subsequently, a specified validity is carried out. For one thing,
we name the lift coefficient at the low-frequency state as CLL.
When Reynolds number is 2300, the CLL obtained by the final
computational model are compared with the results measured in
the experiment by Carberry et al. (2005) in Fig. 5. As can be seen,
the CLL are identical with the experimental data satisfactorily,
which can be regarded as a testification for our numerical model.
3.3. Force analysis for free spanning pipelines

Considering a section of submarine free spanning pipeline, as
the ocean current passes, the vortex-induced vibration (VIV) is
very convenient to happen if the length of free span or the
reduced velocity (Vr=U/fnD) is large enough. When the VIV takes
place, there are two kinds of forces acting on the free span: the
in-line drag force and the cross-flow lift force. We process
the time histories of lift and drag signal using the narrow band
filtering simultaneously and obtain the componential signal with
the oscillation frequency of free span. Then, we intercept an
arbitrary period of the CL and the corresponding two periods
of the CD and make CD as x-coordinate and CL as y-coordinate.
The vector end of the resultant fluid forces can be drawn on the
Fig. 5. Lift coefficient at low-frequency state.
drag–lift plane. We take the cases of the low-frequency state with
three different Reynolds number for example as shown in Fig. 6.

We can see the fluctuating amplitude, the mean value and the
relative phase angle variation of CD and CL. The dashed dot lines in
the plane are denoting the mean lift and drag coefficients. It is
obvious that the mean lift coefficient is constantly zero and the
amplitude of fluctuating drag coefficient is about 0.05 in three
cases with different Reynolds number. However, the amplitude of
fluctuating lift coefficient is around 0.3 in the cases of Re=2300
and Re=4410 and rises distinctly to 0.5 in the case of Re=9100.
Moreover, the mean drag coefficient is below 1.2 in the first two
cases and exceeds this value when Re=9100.

The resultant trace of force coefficients can also demonstrate
the diversification of force state of the free spanning pipeline in
current. In the case of Re=2300, the maximum values of the lift
and drag do not come forth at the same time. But in the case
of Re=4410, it can be seen that the lift and drag achieve the
maximum values simultaneously. In the case of Re=9100, when
the drag achieves the maximum, the lift is zero. While the lift
achieves the maximum, the drag is the minimum.

The maxima Cmax are portrayed on the trace of drag and lift
coefficients. For the flexibility of pipeline, the maximum stress
should appear at the bottom of the pipeline cross-section when
there are no ocean current induced forces. When the eddy
induced or internal wave induced current makes the free span
oscillating, the relatively dangerous state is the scenario that the
resultant approaching the vertically downwards direction. We can
see the downwards angle of the maximal resultant h is more and
more big in three case. The h is defined as

y¼ arctan
jCLmj

jCDmj

� �

where CLm and CDm are the corresponding lift and drag coefficient
components when the resultant reaches maxima. Although the
lift and drag coefficients cannot achieve the maximum values
at the same time in the case of Re=9100, the maxima is still the
largest one among the three cases because of a much more
amplitude of lift and mean drag coefficient. Table 2 shows the
maxima, CLm and CDm. We can see that the lift plays an important
role to incense the maximum.

3.4. Analysis of the lift jump of the numerical model

According to the study by Lu and Dalton (1996), as the
frequency of excitation of the cylinder increases relative to the
inherent vortex formation frequency, the initially formed con-
centration of vorticity moves closer to the cylinder until a limiting
position is reached. When this happens, the vorticity concentra-
tion abruptly switches to the opposite side of the cylinder.
This process induces distinct changes of the forces acting on the
cylinder. Moreover, the results of numerical study by Leontini
et al. (2005) have shown that the driven oscillating system is
highly sensitive to the oscillation amplitude and frequency.
Changing the order of 1% in either of them two can change the
magnitude of the energy transfer coefficient by the order of 25%.
In Fig. 7, the similar phenomenon can be observed from the
present numerical model as the hollow symbols shown.

In the present code for pipelines or risers design and safety
assessment, the internal stress of the structure is evaluated by the
empirical relation between the oscillation amplitude and several
environmental parameters, such as reduced velocity, KC number,
current wave ratio and so on. However, the external force state is
the dominant condition for the structure stress calculation. In the
habitual sea condition and the stationary structure, the hydro-
dynamic forces acting on it is relatively well known. With the
weather disaster more and more frequent, the most interesting
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Fig. 6. (a) Force trace at Re=2300, (b) force trace at Re=4410 and (c) force trace at Re=9100.

Table 2
Magnitude and downwards angle of the maximum resultant and the correspond-

ing lift drag coefficients.

Reynolds number 2300 4410 9100

Cmax 1.23 1.21 1.28

CLm �0.17 �0.24 �0.39

CDm 1.22 1.18 1.22

h 7.931 11.501 18.291
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issue for the engineers may be the difference of force state in the
extreme loading situation such as VIV resonance. This is why
the lift coefficients are normalized by the CLC. Next, some
useful analysis and conclusions will be drawn out referred to
the increase of the normalized lift coefficient after the jump
occurrence.

We define the normalized lift coefficient just after the
jump happens as ‘‘jump ratio’’ bJ. This physical parameter
can determinately indicate the amplitude of the jump of lift
coefficient. In the experiment by Carberry et al. (2005) and our
numerical model, the jump ratio decreases with the increase of
Reynolds number showed in Fig. 7. Table 3 lists the variation
status of the bJ of each case with comparison to experimental
data.

We choose Re0=Re�10�3 as the scale of x-coordinate. We find
that the bJ shows a very good linear relation to Re0 (Fig. 8).
A simple formula with the independent variable of Re0 is found to
describe the law of the lift jump phenomenon:

bJ ¼�0:55Re0 þ7:08

This numerical result can easily be used to predict the lift
jump magnitude of a structure among the Reynolds numbers of
2300–9100.
4. Conclusion

The fluid force acting on an oscillating cylinder has been
calculated and analyzed in the present study. Through the force
state analysis on a piece of a free spanning pipeline adopting the
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Fig. 7. (a) Lift jump ratio at Re=2300, (b) lift jump ratio at Re=4410 and (c) lift jump ratio at Re=9100.

Table 3
Comparison of the jump ratios.

Re 2300 4410 9100

Experiment results 5.52 4.48 1.98

Numerical results 5.85 4.60 2.09

Fig. 8. The comparison in numerical results and experimental data.

L. Lei, L. Mian / Ocean Engineering 37 (2010) 491–497496
force trace on the lift and drag coefficients plane, it is found that
the lift coefficient has more contribution to the incensement of
the maximum fluid resultant than the drag. Generally speaking,
the jump ratio decreases as the Reynolds number increases. Using
a simple linear fitting, a model easy-to-use for predicting jump of
lift force is established properly comparing to the experimental
data. The Reynolds number scope of application of this model is
prescribed to be 2300–9100 by the case study.

Although the cylinder motion is set to be a sinusoidal form, the
characteristics of the fluid force coefficients variation in forced
oscillation situation have certain similarity in the lift amplitude
with the one of vortex induced vibration of a freely oscillating
pipeline: the low-frequency state is supposed to the lower branch
and the high-frequency state is equivalent to the initial branch of
structural response in VIV. However, the phase of lift and drag
does not meet the law. A lot of experiments, including physical
and numerical, are still needed to reveal the conditions under
which the forced oscillation can be used to simulate the VIV cases.
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