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Abstract: Flow past a bluff body in freestream turbulence can substantially change the flow behaviour
compared to that in smooth inflow. This paper presents the study of wake flow and aerodynamics of
an oscillating square cylinder at the resonant frequency in freestream turbulence, with the integral
length not greater than the cylinder side and the turbulence intensity not greater than 10%. Large
eddy simulations (LES) in the Cartesian grid using the Immersed Boundary Method (IBM) technique
embedded in a FVM solver, together with an efficient synthetic turbulent inflow generator imple-
mented in an in-house parallel FORTRAN code are used for the study. The results are compared
with those for smooth inflow, and relevant data published in the literature. The key findings are:
the freestream turbulence conditions evidently reduces the local turbulent scales and fluctuations
in the shear layer compared to in smooth flow, as small scale freestream turbulence breaks down
cylinder-generated larger scale eddies and weakens them; but does not evidently affect the vortex
shedding frequency, or the length of the recirculation region behind the cylinder. This suggests
negligible change of drag coefficient compared to in smooth inflow. Moreover, this is because the
vortex shedding is dominated by the forced oscillation at the resonance frequency, and the turbulence
intensity is small.

Keywords: integral length scale; turbulence intensity; oscillating square cylinders; shear layer; wake

1. Introduction

The atmospheric boundary layer (ABL) is usually turbulent. One important aspect
of the freestream turbulence (FST) is its effects on flows around bluff bodies. Most of
the relevant studies on FST effects were focused on stationary bluff bodies or stationary
incoming flows, e.g., [1–14]. On the other hand, the ABL is never stationary, because the
wind always changes direction and magnitude. The pioneering studies of non-stationary
winds or oscillating bluff bodies usually considered smooth inflow only, e.g., [5,15–17].
Only a small number of published papers studied aerodynamics of oscillating square or
rectangular cylinders in freestream turbulence, e.g., [17–19].

Wu and Kareem [20] reviewed studies on the vortex induced vibration (VIV) of bridge
deck sections in a rectangular shape with a large width-thickness aspect ratio. They found
that the turbulence effects on either the stabilization or destabilization of the VIV depended
on the relative strength between Kármán vortices and motion-induced vortices. They
summarized that the turbulence effects on the motion-induced force was complicated,
and the deterministic effects of turbulence was to increase the vorticity diffusion and
thus reduces the vortex strength. Bartoli and Righi [21] experimentally investigated the
turbulence effects on the torsional flutter instability of a bridge deck section. They calculated
flutter derivative and showed that the damping effect was increased with the introduction
of FST. They concluded that the FST had a stabilization effect on the torsional flutter. Lin
et al. [22] carried out a study of a bridge deck section in forced torsional oscillation, and their
results confirmed the stabilising effect of freestream turbulence on the flutter instability.
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Daniels et al. [18] and Daniels and Xie [19] studied the freestream turbulence effects
on the VIV of one degree-of-freedom (DOF) motion of a bridge deck section either in
heaving or torsional motion by using LES. The bridge section was a rectangular cylinder
with a width-thickness ratio B/D = 4. They extensively studied the effects of freestream
turbulence intensity (TI) and integral length scale (ILS), with a focus on the responses at the
resonant frequency. The stabilising effect of freestream turbulence was also found in their
study as the oscillation amplitudes was reduced compared to that in smooth inflow. The
increase of ILS of freestream turbulence moderately enhanced the oscillation amplitudes in
both heaving and torsional motion, but all less than those for smooth inflow.

Bearman and Morel [7] and Nakamura and Ohya [9] emphasized the difficulties of
drawing conclusive remarks of freestream turbulence effects on flows around a square
cylinder compared to larger or smaller width-thickness ratio B/D, in particular how large-
scale turbulence affects periodical vortex shedding behind the square cylinder. They
concluded that large-scale FST imposed very different impact on the cylindrical flows
compared to small-scale FST, where the large scale was comparable to the cylinder thickness
D, and the small scale was comparable to the shear layer thickness. In particular they noted
that large-scale turbulence reduced spanwise correlation, and weakened vortex shedding
behind rectangular cylinders. Lee [3], and Tamura and Ono [17] found that FST caused the
leading-edge initiated shear layer to reattach intermittently on the square cylinder side,
delayed the vortex formation, and effectively lengthened the recirculation region in the
wake, whereas many other studies found that it shortened the recirculation region behind
a flat-plate or a rectangular cylinder (e.g., B/D ≥ 2). This highlights the importance of
studying FST effects on the aerodynamics of a square cylinder, in particular the FST length
scale. Bearman and Morel [7] commented that ‘there is not such an easy rule of thumb for
the effects of the length scale’, suggesting the difficulties.

It is perhaps not suprising that no conclusive remarks haven been drawn so far for the
FST effects on the response at resonance of an oscillating square cylinder. Experimental
data [5] showed that the structure response at Scruton number Sc = 20, 40 was not influ-
enced by the FST with the turbulence intensity TI = 0.11, and the dimensionless integral
length scale ILS/D = 1.94. At Sc = 30 and in the same FST condidtions, the amplitude
of the response was evidently increased compared to that in smooth inflow. Numerical
data [17] showed the FST had a little effect on the onset of unstable oscillations for a square
cylinder at Sc = 10, 40 with TI = 0.11 and ILS/D = 1.5. However, at Sc = 20 and in the
same FST condidtions, the amplitude of the response near the onset velocity increased in
comparison to in smooth inflow.

It is crucial to note that the FST length scales studied in the literature were not sig-
nificantly greater than the width in streamwise direction of the rectangular cylinder (e.g.,
bridge section), e.g., [18,21,22]. This is perhaps because simulations of very large FST length
scales challenge the experimental and numerical designs. This again leaves the effect of
FST length scale an open question.

Our previous study [23] investigated aerodynamics of stationary and oscillating square
cylinders in a smooth incoming flow. This paper is focused on the effects of FST on a forced
oscillating square cylinder at the resonant frequency, and a Reynolds number of 22,000
based on bulk incoming velocity and cylinder side length D. Different turbulence intensity
(TI) and integral length scale (ILS) were considered. The rest of paper is organised as
follows. The numerical methods are introduced in Section 2, including the governing
equations and the synthetic turbulence generation (STG) method. The implementation of
the STG method is validated by using a single slice of inflow plane in Section 3. The nu-
merical setup of a forced oscillating square cylinder in freestream turbulence is introduced
in Section 4. The results and their analysis are presented in Section 5. The conclusion is
presented in Section 6.
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2. Numerical Methods
2.1. Governing Equations

The incompressible flow governing equations of LES are shown below,

∂ui
∂xi

= 0, (1)

∂ui
∂t

+
∂uiuj

∂xj
= −1

ρ

∂p
∂xi

+ ν
∂2ui

∂xj∂xj
−

∂τij

ρ∂xj
+ fi, (2)

where ui and p are resolved velocity and pressure, respectively, ρ is density, τij is sub-grid
scale (SGS) stress. The mixed time scale SGS model [24] is used to model the SGS stress
terms, with the two parameters CM = 0.05 and CT = 10. The explicit second order Adam-
Bashforth method is used for temporal discretisation. For the spatial discretisation, the
second order central difference scheme is used for the diffusion term, and the third order
QUICK scheme [25] is used for the convection term. The computations were conducted in a
Cartesian grid. To model a solid body, an immersed boundary method (IBM) [26] was used.
The developed flow solver in FORTRAN was extensively tested [23] for aerodynamics of
stationary and forced oscillating square cylinders in a smooth incoming flow.

2.2. Turbulent Inflow Generation

To generate homogeneous isotropic turbulence (HIT), a rigorously tested STG [27,28]
is implemented in the flow solver. Compared to other alternative synthetic turbulence
generation approaches, it is efficient and is able to produce an inertial subrange in spec-
trum [29,30], which allows it being capable for large Reynolds number flows, e.g., [31].
The STG is based on exponential correlations in space and in time, which significantly
increases the efficiency. The imposed correlations satisfy the prescribed integral length and
time scales.

For the readers’ convenience, a brief of the STG is given here. The instantaneous
velocity at the inlet is decomposed into the mean and fluctuating velocities:

ui = Ui + aiju′∗,j, (3)

where i, j = 1, 2, 3, and aij is an amplitude tensor and u′∗,j is an unscaled fluctuation with a
zero mean and unit variance. Lund et al. [32] suggested that a form for amplitude tensor
aij can be written using Cholesky decomposition of Reynolds stress tensor Rij = u′iu

′
j as

aij =


√

R11 0 0

R21/a11

√
R22 − a2

21 0

R31/a11 (R32 − a21a31)/a22

√
R33 − a2

31 − a2
32

. (4)

For homogeneous isotropic turbulence, the cross-correlation terms R21 = R31 = R32 =
0, and the diagonal terms R11 = R22 = R33.

To illustrate this filtering process, a set of discretised 1D velocity fluctuations um on a
uniform grid are used and they can be calculated,

u′m =
N

∑
j=−N

bjrm+j, (5)
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where rm is a series of random data with zero mean and unit variance, bj are filter co-
efficients, N is related to the integral length scale of filter L = n∆x and N ≥ 2n. An
autocorrelation function of velocity fluctuation with integral length scale L, and distance
r = |k|∆x apart of two grid points on the 1D uniformly discretised mesh is calculated,

Ru′u′(r) =
u′mu′m+k

u′mu′m
= exp

(
−πr

2L

)
, (6)

where ∆x is grid spacing and subscript m denotes the discretised spatial location of the
variable. The filter coefficients bj are calculated,

bj =
b′j(

∑N
i=−N b′2i

)1/2 , where b′j = exp
(
−π|j|

n

)
.

It is straightforward to expand the 1D fluctuation in Equation (5) to generate velocity
fluctuations on a 2D space as

u′m,n =
N

∑
j=−N

M

∑
k=−M

bjbkrm+j,n+k, (7)

where M, N are associated with the integral length scales in the two directions, respectively.
Only one additional 2D slice of data (Equation (7)) is generated at every

new time step. A forward-stepwise method is used to correlate two successive time-step
data (Equation (8)),

Ψ(t + ∆t) = Ψ(t) exp
(
−π∆t

2T

)
+ ψ(t)

[
1− exp

(
−π∆t

T

)]0.5
, (8)

where t and t+∆t are current and next time steps. ψ(t) is a 2D slice of fluctuations obtained
from Equation (7). T is the Lagrangian time scale.

2.3. Boundary Conditions

The synthetic turbulence was imposed in the region −1.5 ≤ y/D ≤ 1.5 at the inlet
(Figures 1a and 2), which fully accommodated the shear layer over the side surfaces of
square cylinder and the near wake. This was to avoid resolving small turbulent eddies in
the regions far away from the cylinder and to further improve the computational efficiency,
albeit an efficient STG was used. Such a simple treatment of the inlet settings might have
an effect on the far wake flow, nevertheless its effect on the cylinder, the shear layer and
the near wake was negligible. Uniform velocities were imposed at the rest of the inlet. It
was ensured that entire inlet has the same mean velocity. Outflow boundary condition
with zero gradient in the boundary-normal direction was applied at the outlet. Symmetric
boundary conditions were used on the top and bottom boundaries of the domain. In the
spanwise direction, periodic boundary conditions were used. No-slip boundary condition
was applied on the square cylinder surfaces by using the extensively tested immersed
boundary method [23]. The distance between the centre of cylinder and the inlet is 7D,
which was suggested in [33], being a compromise of turbulence development distance and
computational cost. Within such a distance, the changes of the TI and ILS were small.
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Figure 1. (a) Computational domain and the dimensions normalised by the side length of cylinder D;
(b) Definition of circumferential direction of a cylinder section. The coordinate origin is placed on the
centre of the cylinder.

Figure 2. Contours of instantaneous spanwise vorticity over a stationary cylinder. ILS = 1.0D,
TI = 0.04.

3. Validation of the Implementation of Turbulent Inflow Generation Method

To validate the implementation of turbulent inflow generation, a homogeneous
isotropic turbulence case was tested on a 2D plane with a uniform mesh. Auto-correlations
and two-point correlations were computed from the sampled velocity fluctuations.

The dimensionless parameters of the uniform mesh are listed as follows. The grid
cell number is 32× 32 with grid spacing ∆y = ∆z = 0.1. The convection velocity Uc = 1.0.
Mean vertical and spanwise velocity components v̄ = w̄ = 0. The integral length scales
in three directions are Lx = Ly = Lz = 0.5, and the equivalent Lagrangian time scale
Tlag = Lx/Uc = 0.5. The Reynolds normal stress are R11 = R22 = R33 = 0.05. The virtual
streamwise grid spacing is ∆x = 0.1. The time step is ∆t = 0.05 and the CFL number is
CFL = Uc∆t/∆x = 0.5.

The time series of three velocity components are sampled at the central point of the
plane. The power spectrum densities (PSD) of the three velocity components are shown in
Figure 3. For the sake of clarity, the v and w spectra are shifted down by 2 and 4 decades,
respectively. The three spectra shows an evident −5/3 slope, indicating a wide inertial
subrange. This suggests that the generated synthetic turbulence can be used for high
Reynolds number flow problems.

Figure 4 shows two-point correlations of vertical (v) and spanwise velocity (w) com-
ponents at the central horizontal line. The analytical exponential correlation is obtained
from Equation (6). It is to be noted that the convection distance in streamwise direction is
computed as r = Uc∆t. Figure 4 shows that correlations of the synthetic turbulence are in
good agreement with the exponential correlation function.
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Figure 3. PSD of three velocity components collected at the centre of inflow plane. For the sake of
clarity, the v and w spectra are shifted down by 2 and 4 decays, respectively. The grey line denotes a
slope of −5/3.
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Figure 4. Two-point correlations for two velocity components v and w on the central horizontal line,
and auto-correlation for velocity component u. The black line denotes the analytical exponential
correlation for the same integral length scale and the equivalent integral time scale.

4. Numerical Setup
4.1. Domain Configuration and Resolution Verification

A forced oscillating square cylinder in freestream turbulence is studied. The Reynolds
number based on the mean inflow velocity UC and cylinder side length D is 22,000. The
computational domain and the definition of circumferential direction of section of the
square cylinder are shown in Figure 1. The dimensionless lengths of computational domain
are 27× 20× 4 in streamwise x, vertical y and spanwise z directions, respectively, which
are normalized by the side length D of the square cylinder.

Sensitivity tests for spatial and temporal resolutions were carried out and reported
in [23,34], in which several various resolutions were investigated. These concluded that the
results, i.e., the Strouhal number St, the aerodynamic force coefficient CD, and fluctuating
force coefficients CD rms, CL rms, for the medium and the fine resolutions were within a
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small tolerance. The fine mesh was rigorously validated in the smooth inflow past a square
cylinder at Reynolds number 22,000 case in [23].

The fine mesh was chosen in this paper, which had a uniform resolution in −1.5 ≤
y/D ≤ 1.5 to capture the flow details in the near cylinder region, which was 200 points
per side length D resulting in a maximum y+1 less than 5. The mesh was stretched in the
vertical direction from the region −1.5 ≤ y/D ≤ 1.5 to the top and bottom boundaries with
a maximum stretch ratio less than 1.02. The mesh in spanwise direction was uniform. A
total number of 736 (streamwise) × 1152 (vertical) × 64 (spanwise) cells is used.

A non-dimensional time step ∆t∗ = UC∆t/D = 5× 10−4 was used in all simulations,
which yielded the maximum CFL number less than 0.3. An initialisation duration of LES
was 4Tl , where Tl = 1/ fl was the oscillation period (Equation (9)). A further 12Tl duration
of LES was carried out for sampling data. It is to be noted that the oscillation period Tl
was 7.7 times the the flow pass-through time ( Tp = D/UC). The selected initialisation and
sampling durations produced statistically converged data.

The computational domain is decomposed into 23× 24× 2 = 1104 partitions for
parallel computation. The identical setup of computational domain and decomposition is
used through all the remaining cases in this paper.

4.2. One-Degree-of-Freedom Oscillation of the Cylinder

The one-degree-of-freedom oscillation of the square cylinder was perpendicular to the
inflow. The time varying displacement in vertical direction (y) is written,

y(t) = A sin(2π f t), (9)

where A is amplitude, f is frequency. To understand the freestream turbulence effects
on aerodynamics of an oscillating square cylinder in extreme scenarios, the resonant
reduced velocity Ur = UC/( f D) = 7.7 [15] was applied in the simulations with an
amplitude ratio A/D = 0.05. When the reduced velocity is equal or close to the resonant
reduced velocity, the vortex shedding frequency is locked to the resonant frequency of the
structure. This phenomenon is known as ‘lock-in’ or ‘synchronization’. For modeling a
forced oscillating cylinder compared to a freely oscillating cylinder, the advantages are
that the flow parameters are under well-control, and the experimental or numerical cost is
much less. Bearman and Obasaju (1982) [15] concluded that the flow features were very
close to those of freely oscillating cylinder when the basic parameters were matched.

4.3. Freestream Turbulence Parameters

Bearman and Morel (1983) [7] suggested that the investigated length scales “should
be somewhere in the range between one order of magnitude smaller than the shear layer
thickness, and one order of magnitude larger than the typical body dimension”. They also
stated that no consistent relationship was found between the integral length scale and
the typical body dimension in a range of 0.4 ≤ ILS/D ≤ 5. Several published studies,
e.g., [9,17,18] investigated the similar range of ILS values and were not yet able to draw
a conclusive remark. In the present work three turbulent inflow cases, (1) ILS/D = 1.0,
TI = 0.04, (2) ILS/D = 0.2, TI = 0.10, and one smooth inflow case were studied. For the
large freestream turbulence scale ILS/D = 1.0 in case 1, the equivalent integral time scale
(ITS) was Tp, which was one order of magnitude smaller than the oscillation period (i.e.,
0.13Tl). For the small freestream turbulence scale ILS = 0.2D in case 2, the equivalent ITS
was two orders of magnitude smaller than the oscillation period (i.e., 0.026Tl). A distinct
time-scale separation between the FST and the oscillation helped to identify the effect
of FST.

5. Flow Past an Oscillating Square Cylinder
5.1. Fluctuating Lift and Its Power Spectrum Distribution

Figure 5 shows the power spectrum distribution (PSD) of lift coefficients of three
turbulent inflow cases against frequency ratio f / fl , where fl is the forced oscillation
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frequency. The gray solid line indicates the forced oscillation frequency fl . The three curves
show that an evident synchronization occurs at fl , indicating that the synchronization
is not affected by inflow conditions. As discussed in Section 4, the time scales of the
energetic turbulent eddies are one or two orders of magnitude smaller than the time scale
of resonance. This suggests that the vortex shedding at lock-in is more dominated by the
heaving motion than the FST disturbance at ILS ≤ D, or in other words, the FST’s impact
is decoupled with the much slower forced oscillation.

10-1 100 101 102 103

f/fl

10-29

10-25

10-21

10-17

10-13

10-9

10-5

10-1

PS
D

Smooth
ILS=1.0D, TI=0.04
ILS=0.2D, TI=0.10

Figure 5. PSD of lift coefficients against frequency ratio f / fl . The spectra of “ILS = 1.0D, TI = 0.04”
and “ILS = 0.2D, TI = 0.10” are shifted down in the vertical axis by 8 and 16 decades, respectively.

Greater PSD at two orders of magnitude larger than fl frequencies is visible in the two
turbulent inflow cases, compared to that in the smooth flow case. This is due to the impact
of high-frequency FST. This impact is on turbulence scales smaller than the shear-layer
thickness. It is to be noted that the PSD has very low values at these frequencies compared
to fl , and perhaps it is not worth paying too much attention on this.

A typical time series of instantaneous lift coefficient CL was much “rougher” showing
small-scale fluctuations for the FST cases compared to the smooth inflow case. This
is due to the so-called turbulent buffeting effect, and is consistent with the larger PSD
at high frequencies for the FST cases compared to the smooth inflow case showing in
Figure 5. Bearman and Obasaju [15] showed that the phase angle difference between the lift
coefficient and displacement had a significant change at the resonant frequency indicating
a large uncertainty, in particular for a small oscillation amplitude A/D = 0.05. We did
noticed this large uncertainty in our current and previous studies [23].

Overal, the small scale FST (i.e., ILS/D ≤ 1) has little impact on the lift PSD for the
forced oscillating cylinder. This is consisten with those for a rectangular cylinder in small
scale FST [18,19], in which they concluded that the FST evidently reduced the response.
Miyazaki and Miyata [5] and Tamura and Ono [17] studied the response of a square cylinder
in the FST with larger integral length scales (1.5 ≤ ILS/D ≤ 2), found only in a small
range of the Scruton number 20 ≤ Sc ≤ 30 the amptitude of the response was evedently
increased.

5.2. Spatial Correlation in the Shear Layer and the Wake

Figure 6 shows contours of two-point correlation of streamwise velocity in the shear
layer and the wake. The data were sampled from an x− y plane, where a reference point
(x/D = 1.0, y/D = 0.6) was selected. These were similar to the settings in [35]. The
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contour range was from 0 (in dark blue) to 1 (in dark red) with an increment 0.1, where the
nagative data of correlation was truncated. It was evident that the length scales in both x
and y directions were reduced in the FST compared to those in smooth inflow. This was
because the studied integral length scales of the FST were about one order of magnitude
smaller than the fluid particle travelling distance during one period of the forced oscillation.
In other words, the studied integral time scales of the FST were much smaller than the
oscillation period. Subsequently the FST reduced the integral length scales in the shear
layer and wake regions. This is in agreement with those for a rectangular cylinder in small
scale FST [18,19]. The length scales in Figure 6b for ILS = 1.0D are slightly larger than
those in Figure 6c for ILS = 0.2D, which perhaps is because the greater scales in the FST.

-0.5 0.5 1.5 2.5
x/D

0.0

0.5

1.0

1.5

y/
D

(a)

-0.5 0.5 1.5 2.5
x/D

(b)

-0.5 0.5 1.5 2.5
x/D

(c)

Figure 6. Two-point correlation of streamwise velocity. The reference point is at x/D = 1.0, y/D =

0.6. (a) smooth inflow, and turbulent inflows with (b) ILS = 1.0D, TI = 0.04, and (c) ILS = 0.2D,
TI = 0.10. Contours starts from 0 (in dark blue) to 1 (in dark red) with an increment 0.1.

Figure 7 shows two-point correlations of streamwise velocity along the spanwise
direction at 3 locations: wake (x/D = 1.0, y/D = 0.0), shear layer in the wake (x/D = 1.0,
y/D = 0.5) and shear layer over side surfaces (x/D = 0.0, y/D = 0.65). At the two shear
layer stations, it is evident that the correlation length is reduced for the two FST cases
compared to the smooth inflow case. This confirms the remark from Figure 6 that the FST
reduces the turbulent length scales in the shear layer in all 3 directions. The spanwise
length scales for ILS = 1.0D are slightly larger than for ILS = 0.2D at these two stations.
At the wake station, the FST yields no visible difference in spanwise correlation. This
might be because the FST cannot entrain far enough to this region, where the flow is mostly
shielded from the FST.

0.0 0.5 1.0 1.5 2.0
r/D

0.0

0.2

0.5

0.8

1.0

ρ
u
u

(a)Smooth
ILS=1.0D, TI=0.04
ILS=0.2D, TI=0.10

0.0 0.5 1.0 1.5 2.0
r/D

0.6

0.7

0.8

0.9

1.0
(b)

0.0 0.5 1.0 1.5 2.0
r/D

0.0

0.2

0.5

0.8

1.0
(c)

Figure 7. Spanwise correlation of streamwise velocity. The locations of a group of spanwise probes
from left to right are at (a) wake, x/D = 1.0, y/D = 0.0, (b) shear layer in the wake, x/D = 1.0,
y/D = 0.5, and (c) shear layer over the side surfaces, x/D = 0.0, y/D = 0.65.

5.3. Turbulent Statistics and Recirculation in the Wake

Figure 8 shows contours of the time- and spanwise-averaged Reynolds normal stress
< u′u′ > /U2

c . The FST significantly reduces the turbulent fluctuations in the shear layer.
In the regions near the wind-ward side and near the central plane in the wake, and in
the far wake, the FST increases the turbulent fluctuations due to turbulent entrainment
and mixing. No visible difference in < u′u′ > /U2

c was observed between the two FST
cases. This was because the turbulent fluctuations produced by the cylinder itself was
much greater than those in the FST. Again, it is to be noted the oscillation time period was
much greater than the FST integral time scale.
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(a)

(b)

Figure 8. Time and spanwise-averaged Reynolds normal stress < u′u′ > /U2
C. (a) smooth inflow;

(b) ILS = 0.2D, TI = 0.10.

Figure 9 shows that the difference of the recirculation lengths between smooth and
FST cases is negligible. This suggests that the recirculation in the wake is dominated by
the resonant oscillation, while the FST with a integral length scale not greater than D
has no visible impact on the recirculation length. This differs from the FST effects on the
recirculation length of a stationary square cylinder [7,17]. Tamura and Ono [17] found that
the FST with ILS/D = 1 increased the length of the recirculation region behind a circular
cylinder, which was consistent with the evidently reduced drag in the FST (TI = 0.1)
reported in Courchesne [6]. Therefore, even though the oscillation time period was one
order of magnitude greater than the FST integral time scale, the oscillation cannot be
considered as a quasi-stationary state in terms of the FST interaction.
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Figure 9. Time- and spanwise-averaged streamwise velocity on the central horizontal plane.
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6. Conclusions and Discussion

Up to the authors’ knowledge, so far there is no conclusive remarks on the freestream
turbulence effect on a stationary or oscillating square cylinder, in particular on the role of
the FST integral length scale. The current study addresses the effect of FST with the integral
length scales 0.2 ≤ ILS/D ≤ 1.0 on a forced oscillating square cylinder at the resonance
frequency, and aims to drawing conclusive remarks.

For the square cylinder in forced oscillation at the resonant frequency, we found that
the vortex shedding was not evidently affected by the FST with the turbulence intensity
(i.e., TI ≤ 10%) and integral length scales (i.e., 0.2 ≤ ILS/D ≤ 1.0). We also noticed that
the length of the recirculation region behind the square cylinder was not evidently affected
by the FST, suggesting a negligible change of drag coefficient compared to in smooth
inflow. This was because the vortex shedding was dominated by the forced oscillation at
the resonance frequency, and turbulence intensity was small.

Our numerical simulations show that the local turbulence integral length scales were
evidently reduced in the shear layer in the FST compared to in smooth flow. The FST
significantly reduced the turbulent fluctuations in the shear layer. This was because the
FST small scale turbulence broke down the cylinder generated larger scale eddies and
weakened them, and was consistent with that for a stationary cylinder in small scale
freestream turbulence. On the other hand, in the regions near the wind-ward side, near the
central plane in the wake, and in the far wake, the FST enhanced the local turbulence. This
was because the freestream turbulence was entrained or convected into these regions, again
was consistent with for a stationary cylinder. It is to be noted that the FST integral time
scales were at least one-order-of-magnitude smaller than the period of the forced oscillation,
and the FST was somehow decoupled with the vortex shedding at the resonant frequency.

It is crucial to note that the FST with length scales smaller than the width (i.e., the
dimension in streamwise direction) of a bridge deck (i.e., a large aspect ratio rectangular
cylinder) stabilises the heaving or torsional motions, e.g., [18,21,22]. This is because the FST
breaks down the leading-edge initiated vortex, and weakens the in-phase vortex shedding
in the spanwise direction. As for an oscillating square cylinder at the resonance frequency
in freestream turbulence, the priority in future work is to understand the impact of the
large scale FST (e.g., ILS/D > 1). Greater turbulence intensity (e.g., TI > 0.1) and greater
oscillation amplitude ration (A/D > 0.1) should be considered too.
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